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INFORMATION TO CONTRIBUTORS 
(January 1973) 


Purpose and scope 

The Proc. Nat. Acad. Sci. USA publishes brief reports (not 
previously published) of the results of original research by 
members of the Academy or by others if the communication is 
sponsored by an Academy member. Articles should be as 
brief as adequate presentation allows, and may not exceed five 
printed pages. Since the PRoceEpINGs publishes papers in all 
branches of science represented in the Academy, it is desir- 
able, whenever possible, for articles to be written so as to be 
intelligible to a wide scientific audience. Both because of the 
space limitations and the broad scientific audience of the 
PROCEEDINGS, detailed scientific papers may often be more 
appropriately submitted to more specialized journals. 

Sometimes, preliminary findings of major importance are 
published in the ProceepinGs without full documentation; 
authors must indicate that the paper is a preliminary one, and 
that a detailed report will be published elsewhere. 

Upon invitation from the Editorial Board, some papers 
presented at Academy symposia, special Academy lectures, 
or papers on subjects of general interest to scientists are also 
published in the PRocEEDINGs. 

Conditions for submission 

Manuscripts will be accepted only from members of the 
Academy, who will assume responsibility for their propriety 
and scientific standards. In communicating an article on be- 
half of a nonmember, an Academy member should explicitly 
state that it contains findings of more than ordinary impor- 
tance to investigators working on related problems, or of par- 
ticularly broad interest to diverse groups of scientists. No 
Academy member may sponsor more than 10 papers in any 
annual volume. 

Before submitting an article on behalf of a nonmember, an 
Academy member must also obtain a written opinion on it 
by a qualified referee. For maximal objectivity in the review- 
ing process, it is highly desirable that the member select the 
referee himself and that he not divulge the referee’s identity 
to the author, at least until the member receives the com- 
ments. Ordinarily, the referee should not be a close colleague 
or former mentor of the author or a member of the Academy 
member’s department. Forms on which the referee’s comments 
should be submitted are provided on request by the ProceEp- 
ings Office. The Academy member must enclose a copy of the 
referee’s report with his letter of transmittal. He retains the 
privilege of communicating the paper if the referee’s report 
is unfavorable, but in that case he should state in his letter 
of transmittal his reasons for disagreeing with the referee. 

Papers are generally processed rapidly for publication; 
however, the Editorial Board reserves the right to subject 
manuscripts to further review when this seems desirable and 
to reject papers if they do not meet the general criteria for 
publication, as defined by the By-Laws of the Academy. 

No person may be author or coauthor of papers totaling 
more than five pages in any one issue. 

Manuscripts reporting experiments with humans should be 
accompanied by a copy of the document authorizing the pro- 
posed research by the responsible institutional committee. 
Authors are referred to the Declaration of Helsinki for fur- 
ther guidance. 

Page charges are assessed for all communicated papers. A 
member of the Academy who communicates an article on be- 
half of a nonmember author is responsible for the costs of 


publishing the paper; if a nonmember author is to be billed 
for the page charges, the member communicating the paper 
should make sure that there is a clear understanding to this 
effect with the author before the paper is communicated. 
Members may not use the annual publishing allowances ex- 
tended them by the Academy for the payment of the costs 
of publishing papers by other authors. The standard charge 
is now $75 per printed page; in addition, authors may be 
billed for the costs of extensive changes made in proof, and 
for other items of special cost. 

Manuscripts are to be submitted in duplicate to the Pro- 
CEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES, Room 253, 
2101 Constitution Avenue, Washington, D.C. 20418. Those 
that are in good form can usually be published 8-13 weeks 
later. If articles are to be published on schedule, it is essential 
that communicated manuscripts are in the form in which 
authors wish their papers to appear and that their lengs: be 
appropriate for the PRocEEDINGs. 

Length 

Five printed pages will accommodate about 5500 words. The 
title and the heading material usually occupy space equivalent 
to about 600 words. Appropriate allowance should be made 
for the space occupied by references, footnotes, tables, and 
figures with their legends. Figures will be scaled to one- or 
two-column width according to the size of the lettering (see 
Illustrations below). 

Articles estimated on first receipt as longer than five pages 
will be returned to authors for shortening without further 
editorial consideration. 

Illustrations 

Present only such illustrative material as is essential for 
the point being made. Drawings made for slide projection are 
rarely suitable for publication. Design line drawings to fit into 
one- or two-column width with minimum wasted space. Thin- 
stroke lettering should be used in sizes such that after reduc- 
tion the smallest letter or numeral will not be less than 1.5 
mm in height. Avoid extraneous detail in figures; use the 
legends for details as to cell type used, identification of sym- 
bols, etc. 

All figures should be identified on the back with a soft 


pencil and the orientation should, if necessary, be indicated 
by means of an arrow and the word “top’’. Do not mount 
figures unless a composite figure is desired. Indicate the mag- 
nification of photomicrographs in the legend, or include a bar 
indicating scale in the figure (or both). 

Legends to figures should be typed double-spaced, in nu- 
merical order, on a separate page. 


Tables 

Tables should be typed double-spaced throughout, numbered 

with arabic numerals, and provided with titles (above 

the table). A list of footnotes to a table must be typed 

doubled-spaced, on a separate page if necessary. Reference to 

the footnotes should be made by means of the symbols *, f, 

t, §, 4, ||, in that order, followed by doubled symbols if neces- 

sary. A lengthy list of footnotes is better keyed with lower- 

case superscript letters or, in exceptional cases where this 

would be confusing, with superscript numbers. 

Title page 

Provide a separate title page, containing the following items: 
Classification. Give any one of the sciences named in the 





titles of the sections of the Academy, or Immunology, Pa- 
thology, Cell Biology, or Statistics. 

Title. This should be brief, specific, and rich in informative 
words. Add up to five amplifying key terms to alert readers, 
and computers, to subjects in the article not referred to in the 
title. The PRocEEDINGs discourages the use of uninformative 
serial titles such as On Steroids, XIX. If a paper is part of a 
series, indicate this by a symboled footnote on the first page, 
and include a reference to the immediately preceding paper of 
the series. 

Ry-line. If there are several authors with different affilia- 
tions, key authors to institutions by means of symbols *, f, 
t, §, . If reprint requests are to be addressed to any but the 
first author, indicate this by a footnote. 

From-line. List the institutions and provide Zip Codes. 

Running Title. Provide a running title of not more than 50 
characters, including spaces. 

Footnotes. Give, as first unsymboled footnote, a list of non- 
standard abbreviations (see below, under Abbreviations), if 
any, that have been used in the paper. Other title-page foot- 
notes may indicate present addresses of the authors or ad- 
dress(es) to which reprint requests are to be sent. Do not 
include acknowledgments of grant support here. 

Abstract 

Every paper must begin with an abstract, typed on a 
separate page. This should state the subject and main con- 
clusions of the article in generally intelligible terms. Avoid 
abbreviations. The abstract must be intelligible to a reader 
before he reads the paper, and suitable for reproduction by 
abstracting services without rewriting. It should usually not 
exceed 250 words. 

Nomenclature 

The Proceepines strives for the greatest possible confor- 
mity with international standards on nomenclature. Guides 
and special considerations in different disciplines are listed 
below. 

Mathematics. Notations that are expensive to typeset 
should be avoided by use of the devices given on p. 7 of the 
American Mathematical Society’s anual for Authors (1970): 


for example, replace ; by a/b, e”° by exp(x®), r by r (denoted 


in manuscript by a wavy underline). Manuscripts in which 
this has not been done may be returned to the author. 

Provide a list of special characters used in the paper for 
the printer’s guidance, and identify all Greek, Hebrew, or 
script letters by means of marginal notes at their first ap- 
pearance. 

Physics. Use the American Institute of Physics’ Style Guide 
(revised 1969). 

Chemistry. Use the American Chemical Society’s Handbook 
for Authors (1967). 

Life Sciences. Use the Conference of Biology Editors’ Style 
Manual (1972) (American Institute of Biological Sciences, 
Washington, D.C.). Some of their recommendations are 
expanded by the Handbook of Biochemistry (with Selected 
Data for Molecular Biology) (1970), ed. Sober, H. A. (Chemi- 
cal Rubber Company, Cleveland, Ohio), 2nd ed. This book 
contains the International Union of Biochemistry rules of no- 
menclature for vitamins, enzymes, synthetic polypeptides, 
carbohydrates, lipids, and polynucleotides. Further guidance 
on nomenclature can be obtained from the NAS-NRC Office of 
Biochemical Nomenclature (Dr. Waldo E. Cohn), Oak Ridge 
National Laboratory, P.O. Box Y, Oak Ridge, Tennessee 


37830. For bacterial genetics, follow the recommendations of 
Demerec, M., Adelberg, E. A., Clark, A. J. & Hartman, P. E. 
(1966) Genetics 54, 61-76. For human immunoglobulins and 
their genetic factors, follow the World Health Organization 
rules (see, for example, section A of Handbook of Biochemistry). 

Enzymes should be given their recommended names on first 
mention, together with the Enzyme Commission (EC) num- 
ber when this has been assigned. 


Abbreviations 


Standard Abbreviations for units of measure and for certain 
substances (e.g., DNA) are listed in the style manuals and 
handbooks named above. These need not be spelled out. Some 
standard abbreviations and symbols whose correct form is 
not familiar to all authors are listed on the following pages. 
Rules of the [UPAC-IUB Commission on Biochemical No- 
menclature are followed [see J. Biol. Chem. (1966) 241, 527 
and J. Mol. Biol. (1971) 55, 299, for example, for guidance]. 
Nonstandard Abbreviations are defined as those not given in 
the handbooks’ lists, even if they may be familiar to those in 
the field. (a) Keep them to a minimum, and only for 
cumbersome words that must be used more than five times 
in the paper. (b) Spell out nonstandard abbreviations at their 
first appearance in the text. (c) If possible, avoid them com- 
pletely in the Abstract. (d) List them on the title page for in- 
clusion as a footnote on the first printed page of the article. 


References 


Cite references in order throughout the text by means of 
arabic numerals (not superscript) between parentheses (in 
mathematical papers, square brackets may be used to avoid 
confusion with numbered equations, or the reference number 
may be preceded by “ref.’’). Citations are to be made in this 
way only to papers already published or “‘in press” in a stated 
journal or other publication. Any reference to unpublished 

work should be made in the text or, rarely, in the form of a 

symboied footnote. Reference to ‘‘personal communication” 

should also be made in the text; written approval by the person 
cited should accompany the manuscript. 

We encourage the provision of titles and require inclusive 
pagination for articles cited. References must be typed double- 
spaced in the style used by the ProceEpiNGs, thus (for journal 
articles): 

10. Smith, A. B., Jones, C. D. & Robinson, E. F. (1969) 
“Conformational changes in ribosomes during protein 
synthesis,” Proc. Nat. Acad. Sct. USA 64, 191-195. 

Titles of journals should be abbreviated according to the 

American National Standard for the Abbreviation of Titles 

of Periodicals (see ACCESS or BIOSIS List of Periodicals). 

For references to articles in books, the following sequence 
should be maintained: author(s), year of publication in 
complete title of book, names of editors (if applicable), (name of 
publishers, place of publication), page numbers if necessary, 
thus: 

11. Jones, C. D. & Shapiro, L. M. (1966) in Enzyme 
Reactions in Protozoa, ed. Smith, T. G. & Williams, H. I. 
(Universal Press, New Brunswick, N.J.), pp. 646-672. 

It is extremely important that the final typed list of refer- 
ences be checked for accuracy against the original articles or 
photocopies of them. 


Acknowledgments 

Keep acknowledgments brief. Acknowledgments to persons 
usually precede those for grant support. They should be 
typed double-spaced. 





SOME STANDARD AND RECOMMENDED ABBREVIATIONS AND SYMBOLS 


For simplicity, one preferred abbreviation or symbol hes been adopted in most cases, even though the handbooks listed below 


may give equally favored alternatives. 


absorbance 

N-acetylglucosamine 

asparaginy! 

aspartyl 

asparaginyl] or asparty] 

5-bromodeoxyuridine 

5-bromouracil 

cyclic AMP (3’:5’) 

cysteinyl 

deoxy (carbohydrates and 
nucleotides ) 

deoxyribonuclease 

deoxyribonucleic acids 

2,4-dinitropheny] 

formylmethiony] 

glucose 


A (not OD) 

GleN Ac 

Asn 

Asp 

Asx 

BrdU (not BUdR)* 
BrUra (not BU) 
cAMP 

Cys 


d 

DNase 
DNAs 
Dnp- 
{Met 

G or Glet 


isoleucy] 
methemoglobin 
methionyl 
micromicro 

micron 

millimicro 
millimicron 

mole(s) 
mitochondrial DNA 
myoglobin 

nucleotide (unknown ) 
optical density 
phosphate (in compounds ) 
phosphate, inorganic 
plaque-forming units 
ribonuclease 
ribonucleic acids 


lle 

MetHb 

Met 

use pico (p) 

use micrometer (um) 
use nano (n) 

use nanometer (nm) 
mol 

mtDNA 

Mb 

N (not X) 

OD t 

P orp 

P; 

PFU 

RNase 

RNAs 


guanosine G or Guot 
gluconic acid GleA 
glucosamine GleN 
glucuronic acid GleUA 
glutamy] Glu 
glutaminyl Gln 
glutamy] or glutaminy] Glx 
hemoglobin Hb 
immunoglobulin G(M ) IgG(IigM ) 


* Similarly for other halogenated nucleosides. 
t Use 3-letter abbreviation when G can be ambiguous. 


Isotopes. The mass number of an atom should be written 
as a superior prefix: “C, not C'*; *S, not S*. Enclose the 
symbol for the isotope in square brackets placed immediately 
before the name or abbreviation of the compound: [#7P]CMP 
(not CM*P); ['*C]urea; [a-'C Jleucine; [carbory-'4C Jleucine; 
(aB-'*C,|maleic anhydride; 1.-[methyl-'*C]methionine. The 
symbol U denotes uniform labeling, e.g., [U-'*C ]glucose. With 
chemical formulas, use “CO., H,“S"O,, etc. (no square 
brackets). For fu':y deuterated solvents use, for example, 
[U-*H ]pyridine or C;?H;N. 

Peptide Symbols. For peptides of known sequence, represent 
the CO-NH bonds by hyphens, as in Gly-Tyr-Ala. Groups of 
residues of unknown sequence are enclosed in parentheses and 
separated by commas. 

Nucleoside Symbols. Use A, C, G, I, ¥, T, U, X, for residues 
of adenosine, cytidine, guanidine, inosine, pseudouridine, 


ribosomal RNA rRNA 

ribosyl r (only if needed to 
distinguish from d) 

ribosylthymine rT 

thymidine dT 

2,4,6-trinitropheny] Tnp- 

tryptophanyl Trp 

uracil Ura (not U) 


uridine U 

t Use only for reduced light (or UV) transmission through 
turbid suspensions; for light (or UV) absorption by solutions, 
use absorbance, A. 


ribosylthymine, uridine, or xanthosine (N, not X, for unknown 
nucleotide) in 3’-5’ linkages; dA, dC, etc., for corresponding 
deoxy compounds. End phosphoric residues are specified by p, 
internal (phosphodiester) phosphoric residues by a hyphen. 
Synthetic polynucleotides: poly is always to be followed by 
parentheses, without intervening space, thus poly(A). Phos- 
phodiester bonds are denoted by hyphens, thus poly(dA-dT) 
for a polymer of alternating adenosine and thymidine residues. 
Random or unknown order is denoted by commas, thus poly- 
(dA, dT). Indicate noncovalent associations by a center dot, 
thus poly(I)-poly(C), RNA-DNA hybrids. 

Transfer RNAs that accept specific amino acids are desig- 
nated thus: tRNA“" (“alanine tRNA’’). When the tRNA is 
bound to an amino-acid residue, use alanyl-tRNA (alanyl- 
tRNA“"* if necessary) or, e.g., {Met-tRN Ay. 


HANDBOOKS AND STYLE MANUALS 


American Mathematical Society. A Manual for Authors of 
Mathematical Papers (1970). AMS, 321 South Main Street, 
P.O. Box 6248, Providence, R.I. 02904. 


American Chemical Society. Handbook for Authors of Papers 
in the Journals of the American Chemical Society (1967). ACS 
Publications, 1155 Sixteenth Street, N.W., Washington, D.C. 
20036. 


American Institute of Physics, Publication Board. Style 
Manual for Guidance in the Preparation of Papers Published 
by the American Institute of Physics (1959, rev. 1969). AIP, 
335 East 45th Street, New York, N.Y. 10017. 


Conference of Biological Editors, Committee on Form and 
Style. Style Manual for Biological Journals (1972), 3rd ed. 
American Institute of Biological Sciences, 3900 Wisconsin 
Avenue, N.W., Washington, D.C. 20016. 


Handbook of Biochemistry (with Selected Data for Molecular Bi- 
ology) (1970), ed. Sober, H. A. (Chemical Rubber Company, 
Cleveland, Ohio), 2nd ed. 


American Psychological Association. Publication Manual of 
the American Psychological Association (1967). APA, 1200 
Seventeenth Street, N.W., Washington, D.C. 20036. 





Abbreviations of Units of Measurement and of Physical and Chemical Quantities 


(These abbreviations may be used without definition. They are not normally followed by periods except as shown.) 


Prefizes to the Names of Units 


giga 10° G micro 
mega 108 M nano 
kilo 10? k pico 
centi 10-3 c femto 
milli 10-3 atto 


Units of Concentration* 


molar (mol/liter) Mt 

millimolar (mmol/liter ) mM (rather than 10-* M) 
micromolar (umol/liter ) uM (rather than 10-* M) 
nanomolar nM (not muM) 
picomolar pM (not uuM) 


Other Words 


logarithm (Briggsian ) 
logarithm (natural) 
standard deviation of series 
standard error of mean 


Physical and Chemical Quantities 


meter 

centimeter cm 
millimeter mm 
micrometer (not micron) pm (not ») 
nanometer nm (not mz) 
picometer pm 
Angstrom (0.1 nm)t{ 

square centimeter cm? 

cubic centimeter em? 





* Term such as milligram percent (mg%) should not be used. 
Weight concentrations should be given as g per ml, g per 100 ml, 
g per liter, etc. 

t The letter M is not an abbreviation for mole; it is reserved for 
molar. Use mM for 10-? M and uM for 10-*. Avoid designating 
concentrations as umol per ml, for example. The designation 
should, in this case, properly be mM (i.e., millimolar). Maintain 
consistency in the use of units in situations where they are to be 
compared (e.g., do not juxtapose 10~* M and 10-* M). 


Physical and Chemical Quantities—Continued 
milliliter ml 


microliter ul (not A) 
gram - 
milligram mg 
microgram ug (not y) 
second sec 
minute min 
counts per minute cpm 
revolutions per minute rpm 
curie(s) Ci 
equivalent eq 
Svedberg unit of sedimentation 

coefficient (10-"* 8) with numeral S 
mol not abbreviated further 
cycle per second (Hertz) Hz 
retardation factor Rr 
acceleration of gravity 9g 
specific rotation 
sedimentation coefficient 
sedimentation coefficient in water 

at 20°, extrapolated to zero 

concentration 
diffusion coefficient (usually given 

in cm? s~!) D 
degree Centigrade or Celsius °§ 
degree absolute (Kelvin) “= 
equilibrium constant K 
Michaelis constant x. 
calorie 
kilocalorie 
joule{ J 


t The ProceepinGs will continue to accept certain units as 
listed (e.g., Angstrom, calorie, minute) even though they are not 
part of the Systéme Internationale. Note that nanometer is pre- 
ferred instead of millimicron or Angstrom units. 

§ Use °C abbreviation if ° could be ambiguous. 

{ The Systéme Internationale (SI) recommends joules. When 
calories are used the equivalent value in joules should be given 


(1 calorie = 4.184 joules). 
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The Contribution of the a and 8 Chains to the Kinetics of Oxygen 
Binding to and Dissociation from Hemoglobin 


(heme proteins/ligand binding/ protein chemistry) 


QUENTIN H. GIBSON 


Department of Biochemistry and Molecular Biology, Wing Hall, Cornell University, Ithaca, New York 14850 


Communicated by Leon A. Heppel, October 20, 1972 


ABSTRACT A new type of experiment in which hemo- 
globin is exposed briefly to oxygen has shown that the 
half-time of dissociation of oxygen from some partly oxy- 
genated intermediates is about 1 msec at 20° and 10 msec 
at 2°. The rapid dissociation occurs selectively from one 
type of chain, provisionally identified as the §-chain. 
Chains that show the rapid rate of dissociation of oxygen 
also bind rapidly. It follows that the kinetic equivalent of 
the Adair equation and the Monod-Wyman-Changeux 
model are quite unsuited to represent the kinetics of the 
oxygen-hemoglobin reaction. The reaction of oxygen with 
hemoglobin closely resembles that of the alkyl isocyanides 
and differs radically from that of carbon monoxide. 





When the velocity of dissociation of the first oxygen molecule 
from sheep oxyhemoglobin was measured by Gibson and 
Roughton (1), and compared with the overall rate of oxygen 
dissociation in the presence of dithionite, it became clear that 
the rate of dissociation of oxygen from partly saturated inter- 
mediates must be greater than the rate of dissociation from 
fully liganded hemoglobin. Attempts to fit the time course of 
the oxygen-binding reaction to an elementary kinetic scheme 
equivalent to the Adair equation (3), as set out in Eq. 1, have 
suggested that the ratio of the rates might be of the order of 
100:1 (4), but such estimates are subject to the major un- 
certainties associated with curve-fitting methods. 
kn’ 
Hb,(O2),_1 + Oc = Hb,(Orz),, n = 1,4. {1 ] 
kn 


This paper gives a preliminary account of results with a new 
type of experiment, which will be called the oxygen-pulse 
technique, that allows the dissociation of oxygen from inter- 
mediates to be observed directly. It has been found for human 
hemoglobin that the ratio of the rates of dissociation of the 
first and fourth molecules of oxygen is about 1:60. This ratio, 
however, applies only to one type of chain, tentatively identi- 
fied as the 8-chain. Corresponding figures for the a-chains are 
not yet available, but the ratio for them must be much smaller. 
The discovery of a substantial difference between the chains 
came as a surprise, since although large differences between 
chains have been demonstrated for the bulky ligand n-butyl 
isocyanide (5), it has been rather generally believed that there 
is little functional difference between them in their reactions 
with oxygen. In the only individual reaction so far investi- 
gated, the ratio k,*/k, was only about 1:2 (6). Investigation 
of the oxygen—deoxyhemoglobin reaction under chosen condi- 
tions has now shown very significant differences between the 
chains. These differences are great enough to make the use of 


Eq. 1 in representing oxygen—hemoglobin kinetics physically 
meaningless. Similar considerations apply, of course, to special 
forms of Eq. 1 such as the Monod-Wyman-Changeux model, 
recently applied by Hopfield et al. (7) to interpret a wide range 
of kinetic experiments with hemoglobin. 


MATERIALS AND METHODS 


Hemoglobin was prepared as described (4) and stripped before 
use (8). The stopped-flow apparatus and data collection 
system were as described by DeSa and Gibson (9). Gases and 
other materials were obtained from the sources specified in (4). 


RESULTS 


Oxygen dissociation from intermediates 


Oxygen pulse experiments were performed by mixing deoxy- 
hemoglobin solutions containing dithionite with solutions of 
oxygen in the stopped-flow apparatus. On mixing, oxygen 
begins to disappear from the solution by reaction with dithi- 
onite in a zero-order reaction (2) and at the same time reacts 
with deoxyhemoglobin. The oxygen binding is quickly 
terminated by the disappearance of free oxygen from the 
solution, the time required depending on the concentrations of 
oxygen and of dithionite (typically 1-10 msec.). In these cir- 
cumstances the population of partially oxygenated inter- 
mediates formed, from which oxygen subsequently dissociates, 
is determined primarily by the kinetic constants for binding 
the first one or two molecules of oxygen. Such populations 
differ widely from those established at equilibrium, where, as a 
result of cooperativity, the species Hb, and Hb,(Qz2), are 
heavily represented. The kinetically determined populations, 
thus, permit the behavior of the partially oxygenated inter- 
mediates to be examined. The results of an experiment per- 
formed at 2° in 0.05 M phosphate buffer, pH 7.0, are shown 
plotted in semi-logarithmic form in Fig. 1. The rapid binding 
reaction, much of which occurs in the dead time of the 
stopped-flow apparatus, is followed by a deoxygenation reac- 
tion, which consists of two clearly separated phases differing in 
rate by about 20-fold. The relative amplitude of these phases 
is a function of the peak saturation reached, the proportion of 
rapid reaction increasing as the peak saturation declines, and 
approaching 100% below a peak saturation of 0.1. The reac- 
tion can be satisfactorily represented by two rates only, of 
about 100/sec and 6/sec. 

The two distinct phases in Fig. 1 might represent the effects 
of heme-heme interaction upon functionally similar hemes, as 
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Fig. 1. The time course of the absorbance change at 438 nm 
in an oxygen pulse experiment performed at 2°. The concen- 
tration of hemoglobin was 17 uM (heme basis) after mixing. 
Hemoglobin was dissolved in 0.05 M phosphate buffer, pH 7.0, 
containing 0.1% sodium dithionite (before mixing). This solution 
was mixed with buffers containing oxygen to give the concentra- 
tions of oxygen (uM) shown opposite each curve (after mixing). 


assumed in the Adair equation and in the Monod-Wyman- 
Changeux model, or they might be due to interactive effects 
superimposed upon intrinsically different a and 8 chains. This 
point has been investigated by examination of the wavelength 
dependence of the time course of the deoxygenation reaction. 
In the neighborhood of suitable isosbestic points there is a 
well-marked dependence of the apparent rate of deoxygenation 
upon wavelength; an example is given in Fig. 2. It follows 
that the biphasic behavior shown in Fig. 1 arises in a large 
measure from the presence of two chemically distinct species 
having widely separated rates of oxygen dissociation. By 
analogy with n-butyl isocyanide (5), the more rapid rates may 
be assigned to the 8 chains. An additional check on this assign- 
ment is possible by use of the effects of inositol hexaphosphate. 
As shown by Gray and Gibson (10), this compound increases 
the rate of oxygen dissociation from the 8 chains, which can be 
identified spectrophotometrically as shown by Olson et al. (6). 
When inositol hexaphosphate is added to oxyhemoglobin and 
the overall deoxygenation reaction in the presence of dithio- 
nite is examined, a biphasic reaction is observed with a wave- 
length dependence similar to that exemplified in Fig. 2. 

Effect of pH, temperature, and anions on oxygen 
dissociation from intermediates 


Oxygen pulse experiments have been performed under condi- 
tions other than those of Fig. 1. At 20° and in 0.05 M phos- 
phate, pH 7.0, the general pattern of Fig. 1 is maintained, but 
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the proportion of the rapid phase is less at any given peak 
saturation. The rate of the rapid phase is about 1100/sec. The 
results at pH 6 are closely similar to those obtained at pH 7. 
In 0.05 M borate buffer, pH 9.0, the proportion of the rapid 
phase is smaller than at pH 7, and the rate drops to about 
500/sec. In 0.05 M Bis-Tris buffer, pH 6 and pH 7, the am- 
plitude of the rapid phase is similar to that seen in borate 
pH 9, but the rate is about 1000/sec. The addition of 50 uM 
inositol hexaphosphate greatly increases the amplitude of the 
rapid phase at pH 6 and pH 7 when added either to Bis-Tris 
or phosphate buffers. There may be a small increase in the 
rapid rate also. 


Oxygen-binding experiments 


In view of the oxygen dissociation behavior just described, 
wavelength dependence was looked for in the oxygen-binding 
reaction. The results obtained in the region of the isosbestic 
point at 585 nm are illustrated in Fig. 3. It is clear that the 
time course of the absorbance change is a function of the ob- 
served wavelength, with fast and slow components disposed as 
in the case of the oxygen pulse experiments. An approximate 
analysis of a series of experiments performed with different 
concentrations of oxygen is presented in Fig. 4, which gives the 
rates obtained if it is assumed that the time course of the 
absorbance change may be represented by the sum of two 
exponentials. The results suggest a rate of about 2.5 x 106 
M~—'sec for binding to the fast component (8-chains), and a 
dissociation rate of about 100/sec, similar to that observed 
directly in the oxygen-pulse experiments. The slow component 
has a nonlinear dependence on oxygen concentration, and a 
much lower dissociation velocity. The results shown in Fig. 4 
exactly parallel those reported by Olson and Gibson (5) for 
n-butyl isocyanide. 
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Fic. 2. The time course of the absorbance changes at 585 and 
588 nm in an oxygen pulse experiment. Conditions are as for Fig. 
1, but hemoglobin concentration was 35 uM, optical path 2 cm, 
oxygen concentration 124 uM after mixing, dithionite 0.4%. 
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DISCUSSION 


The results just presented show that there are large and 
hitherto unsuspected differences between the a and 8 chains in 
their reaction with oxygen. It follows that Eq. 1, which 
assumes chain equivalence, cannot be used to represent the 
kinetics of the oxygen-binding reaction. The Monod-Wyman- 
Changeux model, as recently applied by Hopfield et al. (7) for 
this purpose, is equally inapplicable, and constants derived 
from either scheme are without physical meaning. The 
simplest realistic scheme, which incorporates chain differences, 
appears to be that used by Olson and Gibson (5) for n-buty] 
isocyanide, but even this scheme requires that nine equilibrium 
constants be assigned. Preliminary examination of the oxygen 
data suggests that there may be appreciable a—§ interactions, 
as well as the major change in the tetramer that occurs when 
an organic anion is released. As compared with n-butyl 
isocyanide and carbon monoxide, extra data can be obtained 
for oxygen by use of the dithionite reactions, and it is hoped 
that these extra data may permit at least a plausible determi- 
nation of the rate constants in the scheme used by Olson and 
Gibson (5). 

Brunori et al. (11) have recently deduced from comparisons 
of the carbon monoxide equilibrium curve of hemoglobin in the 
light and in the dark that the dissociation velocity constants 
for carbon monoxide from partly liganded intermediates 
cannot be much greater than those from fully liganded carbon 
monoxide—hemoglobin. Their result is widely different from 
those with oxygen and n-butyl isocyanide. It is interesting to 
note that the absolute rate of dissociation of the fourth 
molecule of carbon monoxide (i.e. the rate of dissociation from 
Hb,CO) would be about 30,000 times less than the rate of 
dissociation of oxygen from Hb,(O2)8, and it may be that the 
rate-limiting step in the dissociation process is different for the 
two types of ligand. Taken together, the present results and 
those of Brunori et al. (11) strongly support the conclusion of 
Roughton (12) that the equilibrium curves for oxygen and 
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Fic. 3. The time course of the absorbance change observed 
on oxygen binding at wavelengths near the 585-nm isosbestic 
point. Conditions: 0.05 M phosphate buffer, pH 7.0, 2°, 2-em 
optical path, hemoglobin 30 uM, oxygen 31 uM. The excursions 
have been normalized to permit ready comparisons. Data ob- 
tained at 576 nm, remote from the isosbestic point, have been 
included. 
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Fic. 4. Rates of absorbance change observed during oxygen 
binding. The time course was treated graphically to yield two 
rates for each oxygen concentration used. The open circles are for 
data at 576 nm, the filled circles are for data at 585 nm. The 
crosses were derived from data at 576 nm. The experimental con- 
ditions were those of Fig. 3, with oxygen concentrations as shown 


on the abscissa. 


carbon monoxide cannot be superimposed by application of 
a scale factor. 

The oxygen pulse experiments show beyond reasonable 
doubt that the large values of the oxygen-dissociation velocity 
constants suggested as a result of curve-fitting work have a 
real physical existence even though they were derived from an 
unsuitable model. This not only complicates kinetic work, but 
if the kinetic differences carry over to the equilibria, modifies 
the interpretation of equilibrium constants derived from the 
extremes of the equilibrium curve. At low saturation the 
higher affinity chain will be examined, and at high saturation 
the lower affinity chain will be examined. The apparent inter- 
action energy derived from Hill plots may, therefore, be 
modified appreciably. Since K, = 2(A, + B,), where A; = 
k,’/k, of Eq. 1 and A; and B, are the intrinsic equilibrium 
constants for binding of the first ligand molecules to a and 8 
chains, respectively, it is possible to estimate, very roughly, 
the relative affinities of the two types of chain. Roughton and 
Lyster (15) have given K; at 20° in 0.6 M phosphate, pH 7, as 
0.049/mm of Hg for human hemoglobin, but in a personal 
communication made several years later Prof. F. J. W. 
Roughton informed the author that experiments with more 
dilute hemoglobin in 0.1 M phosphate had given a value of 
0.1/mm of Hg for K,. Adoption of the latter value, and ap- 
plication of the only temperature coefficient for K, available, 
that of Paul and Roughton (13) for sheep hemoglobin, gives 
K, at 2° as 0.18/uM (converting into concentrations). If B, is 
about 0.025/uM, A; would be about 0.065/uM. Clearly a 
direct determination of K, under the conditions of the 
kinetic experiment would be desirable, but it seems likely, 
nevertheless, that the a chains may have a higher affinity for 
oxygen than the 8 chains at low fractional saturations. 


The new experiments explain clearly why K, calculated 
from kinetic data by Gibson (4) was substantially smaller than 
that observed by Roughton. The kinetic constants necessarily 
took into account the high rate of dissociation of the 8 chain, 
whereas Roughton was primarily studying the a chain, which 
has a higher affinity. The new experiments, however, do 
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nothing to account for the discrepancy between the kinetic 
results of Berger et al. (14) and those of Gibson (4) for the 
oxygen-binding reaction. Berger et al. observed a lag at the 
beginning of the oxygen-binding reaction that was reproduced 
in some measure by the Monod-Wyman-Changeux model as 
applied by Hopfield et al. (7). The new results indicate clearly 
that there can be no such lag, and suggest that the observa- 
tions of Berger et al. (14) may have included an instrumental 
artifact in the earliest stages of the reaction. 
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this paper. 

1. Gibson, Q. H. & Roughton, F. J. W. (1955) Proc. Roy. Soc 
Ser. B 143, 310-334. 

2. Hartridge, H. & Roughton, F. J. W. (1925) Proc. Roy. Soc 
Ser. B 107, 395-429. 

3. Adair, G.S. (1925) J. Biol. Chem. 63, 529-545. 

4. Gibson, Q. H. (1970) J. Biol. Chem. 245, 3285-3288. 


Proc. Nat. Acad. Sci. USA 70 (1978) 


Olson, J. S. & Gibson, Q. H. (1972) J. Biol. Chem. 247, 
1713-1726. 

Olson, J. S., Andersen, M. E. & Gibson, Q. H. (1971) J. Biol 
Chem. 246, 5919-5923. 

Hopfield, J. J., Shulman, R. G. & Ogawa, S. (1971) J. Mol. 
Biol. 61, 425-443. 

Benesch, R., Benesch, R. E. & Yu, C. I. (1968) Proc. Nat. 
Acad. Sci. USA, 59, 526-530. 

DeSa, R. J. & Gibson, Q. H. (1969) Comput. Biomed. Res. 2, 
494-505. 

Gray, R. D. & Gibson, Q. H. (1971) J. Biol. Chem. 246, 
7168-7174. 

Brunori, M., Bonaventura, J., Bonaventura, C., Antonini, E. 
& Wyman, J. (1972) Proc. Nat. Acad. Sci. USA 69, 868-871. 
Roughton, F. J. W. (1972) in Oxygen Affinity of Hemoglobin 
and Red Cell Acid Base Status, eds. Rorth, M & Astrup, P. 
(Munksgaard, Copenhagen), pp. 84-92. 

Paul, W. & Roughton, F. J. W. (1951) J. Physiol. 113, 23-35. 
Berger, R. L., Antonini, E., Brunori, M., Wyman, J. & 
Rossi-Fanelli, A. (1967) J. Biol. Chem. 242, 4841-4843. 
Roughton, F. J. W. & Lyster, R. L. J. (1965) Hvalradets Skr 
48, 185-198. 





Proc. Nat. Acad. Sci. USA 
Vol. 70, No. 1, pp. 5-9, January 1973 


RNA Related to That of a Murine Leukemia Virus in Burkitt’s Tumors 
and Nasopharyngeal Carcinomas 


D. KUFE, R. HEHLMANN, AND 8S. SPIEGELMAN 


Institute of Cancer Research and Department of Human Genetics and Development, College of Physicians and Surgeons, 


Columbia University, New York, N.Y. 10032 


Contributed by S. Spiegelman, September 18, 1972. 


ABSTRACT RNA homologous to that of the Rauscher 
leukemia virus has been detected in Burkitt’s lymphomas 
and nasopharyngeal carcinomas. Earlier excellent experi- 
mental evidence has linked these two human tumors with 
the Epstein-Barr virus, a DNA-containing agent. 





The detection of viral-specific RNA in tumors (1) by mo- 
lecular hybridization (2) has revealed that certain human 
neoplasias exhibit a specific pattern of viral-related RNAs 
remarkably similar to that observed in the corresponding 
viral-induced tumors of mice. Thus, human breast carcinomas 
contain an RNA possessing homology to that of the mouse 
mammary tumor virus. The breast tumor RNA exhibited no 
sequence relatedness to RNA of the Rauscher leukemia 
virus, an agent possessing no homology to mouse mammary 
tumor virus (manuscript in preparation). On the other hand, 
RNAs from human leukemic cells (3), human sarcomas (4), 
Hodgkins’ disease, and other human lymphomas (5) were all 
unrelated to that of the breast tumor virus, showing instead 
unique homology to the RNA of the leukemogenic Rauscher 
virus. 

The pattern of specificities exhibited by the human tumors 
examined are in accord with the experience accumulated with 
the mouse experimental system. It was of obvious interest to 
subject this intriguing parallelism to further scrutiny by a 
similar analysis of Burkitt’s lymphoma and nasopharyngeal 
carcinoma, both of which have been experimentally related to 
the DNA-containing Epstein-Barr virus. 

Burkitt’s disease, a malignant lymphoma, is the most 
common cancer ‘found in children living in a geographical 
belt extending across Central Africa. Epidemiological (6, 7), 
serological (7, 8), and nucleic acid hybridization (9) studies 
have linked this disease to the herpes-like Epstein-Barr virus 
detected in (10) and isolated (11) from Burkitt’s lymphoma 
cells grown in culture. Nasopharyngeal carcinoma, a tumor 
containing both epithelial and lymphoid elements (12), is 
prevalent in certain groups in the Far East. Serological (8, 13) 
and hybridization (9) evidence has similarly implicated the 
Epstein-Barr virus in this disease. 

Though arresting, such correlative data cannot by them- 
selves permit a definitive decision on whether Epstein-Barr 
virus is causative or contributory in these diseases (14). 
Even finding sequences from this virus in the relevant human 
cancer cells is not conclusive, and particularly so until other 
types of “oncdgenic” information have been sought for 
and eliminated as possible participants in the carcinogenic 
process. To shed light on these and related issues, we address 
ourselves to the following question: Do Burkitt’s lymphomas 


and nasopharyngeal carcinomas contain RNA homologous to 
that of the RNA tumor viruses found in our studies (1-5) of 
human lymphomas and other neoplasias? 

The data obtained establish that African Burkitt’s tumors 
and nasopharyngeal carcinomas do contain RNA homologous 
to that of the Rauscher leukemia virus. 


METHODS AND RESULTS 


Annealing reactions between [*H]DNA of Rauscher virus and 
RNA from polysomes of tumors and normal tissues were per- 
formed in 0.4 M NaCl-50% formamide at 37° for 18 hr. 
These conditions were chosen because they (unpublished 
observations) minimize thermal degradation of RNA during 
the incubation. Although initial rates of hybridizations can be 
increased by elevation of the temperature, the extent of 
hybridization reached at 37° after 18 hr was the same as at 
higher temperatures. 

Annealing reactions were analyzed in Cs,SO, gradients. 
This method was chosen because of its low background and 
superior sensitivity to other methods—such as hydroxyl- 
apatite chromatography and the use of nucleases specific for 
single-stranded nucleic acid. The specificity of positive re- 
actions in Cs,SO, gradients with tumor RNA was internally 
monitored by parallel tests with RNA from normal tissues, as 
well as by challenging positive tumor RNA with DNA 
homologous to unrelated RNA from mouse mammary tumor 
virus and avian myeloblastosis virus. 


Annealing reactions with RNA from tumors 


Fig. 1 shows Cs,SO, gradient profiles that result from an- 
nealing reactions between (*H]DNA from Rauscher virus and 
polysomal RNA isolated from several Burkitt’s lymphomas 
and a nasopharyngeal carcinoma. The responses seen are com- 
parable in magnitude to those obtained with the same 
{7H]DNA annealed to polysomal RNA preparations derived 
from human sarcomas and leukemic cells. In general, 1-5% of 
the input [7H ]DNA is hybridized to the polysomal RNA from 
the Burkitt and nasopharyngeal carcinoma tumors. Their 
position in the density gradient implies that RNA in the com- 
plexes is much larger than the DNA in the complexes and, 
therefore, determines the density of the DNA-RNA hybrid 
structure. 

A more extensive examination of the annealing reaction is 
shown in Fig. 2, in which a fixed amount of [*H]DNA from 
Rauscher virus is annealed to different concentrations of poly- 
somal RNA, and the % of [H]DNA hybridized is determined 
by isopycnic separation in Cs,SO, gradients. The Burkitt’s 
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Fic. 1. CseSO, density profiles of Rauscher leukemia virus 
[?H]DNA hybridized to polysomal RNA obtained from Burkitt’s 
tumors NA, 11719, and 12079 (A,C,D) and from nasopharyngeal 
carcinoma 15903 (B). [7H]DNA was synthesized as follows: A 
l-ml reaction mixture, containing 100 yg of viral protein purified 
from plasma, 50 umol of Tris-HCl (pH 8.3), 40 umol of KCl, 6 
umol of MgCl, 2.5 umol of S, threitol, 0.00125°% NP-40 (Shell 
Chemical Co.), 0.8 pmol of dGTP, dATP, and dCTP, and 50 
nmol of [7H] TTP (8000 cpm per pmol), was incubated at 37° for 
180 min. After addition of 0.5°% Na dodecylSO, and extraction 
with an equal volume of phenol-cresol, the [*H]DNA product 
was purified by Sephadex G-50 chromatography and treated 
with 0.56 M NaOH at 43° for 24 hr to hydrolize any viral RNA 
present. 

In studies such as those contemplated here, it must be shown 
before use that the radioactive DNA product bands solely in the 
DNA density region of a Cs,SO, gradient and that it hybridizes 
with homologous RNA, and not to normal cellular RNA. 

The RNA (designated as polysomal RNA) used in the hybrid- 
izations is derived from a cytoplasmic pellet consisting of a mix- 
ture of monosomes and polysomes. Suitable care must be exer- 
cised to insure the complete removal of protein contaminants. 
For the preparation of polysomal RNA, the tumors were dis- 
rupted by a Silverson homogenizer at 4° in two volumes of 5% 
sucrose in TN M buffer [0.01 M Tris- HCl (pH 7.4)-0.15 M NaCl- 
2mM MgCl]. The suspension was centrifuged at 20,000 x g for 
15 min at 0°. The supernatant fluid was then layered on 20 ml of 
25% sucrose in TN M buffer containing 200 ug of polyvinyl sulfate 
per ml and spun for 180 min at 180,000 X g in a 60 Ti rotor 
(Spinco). The pellet was resuspended in TNM buffer with 0.5% 
Na dodecylSQ, and the RNA was extracted twice with an equal 
volume of cresol-phenol (pH 8.0). Nucleic acid was precipitated 
from the aqueous phase by addition of two volumes of ethanol 
and 0.1 volume of 4 M NaCl. The polysomal RNA was redis- 
solved in 50°% formamide—50% 5 mM EDTA. The [*H]DNA 
was denatured by incubation at 80° for 15 min in 70% formamide 
and subsequent quick chilling. An average of 350 wg of polysomal 
RNA was hybridized to 2000 cpm of Rauscher virus-(H] DNA 
in 60 ul (0.4 M NaCl-50% formamide). The reaction was incu- 
bated for 18 hr at 37°, mixed with 11 ml of half-saturated Cs,SO, 
(starting density 1.52), and centrifuged at 44,000 rpm for 60 hr at 
15° in a 50 Ti rotor (Spinco), and 0.4-ml (8-drop) fractions were 
collected through an 18-gauge needle from the bottom of the tube 
and assayed for Cl,CCOOH-precipitable radioactivity. 
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lymphoma polysemal RNA (Fig. 2A) shows no evidence of 
saturation at 5.8 mg/ml, at which point 4.75% of the [*H]- 
DNA from Rauscher virus has been involved in the complex. 
Similarly, the nasopharyngeal carcinoma polysomal RNA has 
not reached saturation at 11.3 mg/ml when 2% of the [*H]- 
DNA has been hybridized. 

As in previous studies, a method of recording our findings 
has been adopted that avoids the inconvenience of presenting 
the Cs.SO, gradient of every tissue examined. After correction 
for background counts, the sum of the tritium counts in the 
RNA density region (density 1.62-1.69 g/ml) was used to 
measure the amount of DNA complexed to RNA. To achieve 
the accuracy desired, 10-min counts (ep10m) were taken on 
each sample. An operational mean background and its 
standard deviation (S) were empirically determined for 
individual machines from the total cpl10m of three tubes in 
the negative region (i.e., tubes 2, 3, and 4) of each of 60 
gradients. The convention was adopted that specimens 
showing a cp10m of less than three standard deviations of the 
background mean were considered negative. 

Tables 1 and 2 record the outcomes of the annealing re- 
actions with polysomal RNA from Burkitt’s lymphomas and 
nasopharyngeal carcinomas. The results are recorded as the 
total epl10m (corrected for background) in the RNA density 
region, and as multiples of the mean background standard 
deviation. Not detailed in either table, but included in the 
graphical summary of Fig. 3, are the control hybridizations 
with polysomal RNA from various normal adult and fetal 
tissues. Of the 21 Burkitt’s lymphomas examined, 76% yielded 
positive responses with Rauscher virus [7H]DNA, whereas 
50% of the 20 nasopharyngeal carcinomas were positive. In 
contrast, none of the polysomal RNA preparations from the 
52 normal adult and fetal tissues responded with a reaction 
that was unambiguously positive. The Burkitt’s lymphoma 
clinical data presented in Table 1 demonstrate that positive 
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Fic. 2. Hybridization reactions between Rauscher virus- 
[7H]DNA and polysomal RNA from Burkitt’s tumor 11719 (A) 
and from nasopharyngeal carcinoma 15505 (B) at different RNA 
concentrations. The individual annealing reactions were ana- 
lyzed by Cs:SO, density centrifugation, and the “% DNA hy- 
bridized determined by the number of [*H]DNA-cp10m (cor- 
rected for background) banded in the RNA region (density 1.62- 
1.68) of the gradients. 





Proc. Nat. Acad. Sci. USA 70 (1973) 


responses were obtained in primary cases, as well as re- 
currences, and that prior therapy did not significantly in- 
fluence the results. 

The strikingly different response of the malignant and 
normal samples of Rauscher virus-[H]DNA argues strongly 
for the specificity of the positive reactions observed with the 
polysomal RNAs from lymphomas and carcinomas. Neverthe- 
less, as in our previous studies (3-5), it is desirable to offer 
further support for this conclusion by use of [?H]DNA 
complementary to the RNA of unrelated oncogenic viruses. 
This is particularly relevant in view of the recent findings 
(15-17) that the RNAs of tumor viruses contain extensive 
stretches of poly(A). Preferential complexing to Rauscher 
virus-RNA might then be explained by the presence of 
poly(T) stretches in the synthetic DNA probe. However, if 
the annealing reaction is specific for the overall sequence, one 
would not expect Burkitt’s lymphoma or nasopharyngeal 
carcinoma polysomal RNA, positive for a reaction with 
Rauscher virus-[SH]DNA, to show the ability to hybridize 
with unrelated DNAs. Tables 3 and 4, as well as Fig. 4, show 


TABLE 1. Test for viral-specific RNA in Burkitt’s lymphomas 





Previous 
RNA RNA Reac- Recur- treat- 
cpl0m/S_ tion  rence* ment 


Number ep10m 


10438 397 .61 
11719 850 

12079 821 

14858 544 

11392 391 

12078 606 

14857 271 

15043 590 

15976 541 

697 292 

1143 428 

LU 463 

NA 1211 

AN 682 

NK 371 a 
P;HR-1+ 524 5.10 
16253 238 2.77 
9471 31 .36 
6606 59 .69 
8176 179 2.08 
6613 34 .40 
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Results of hybridization reactions between Raucher virus- 
(7H|DNA and polysomal RNA isolated from Burkitt’s tumors. 
Between 200 and 600 ug of polysomal RNA of each sample were 
hybridized to 2000 cpm of Rauscher virus-[7H]DNA, and the 
reactions were analyzed by Cs:SO, equilibrium centrifugation. 
The amount of DNA banding in the RNA region of the gradient 
(density 1.62—1.69) was determined. The results are expressed as 
cpl0m (corrected for background) banding in the RNA region 
for each RNA sample tested, and as multiples of S, the opera- 
tional standard deviation (see text and legend to Fig. 3). The 
annealing reaction is considered positive only if the cp10m per 
RNA region is greater than 3S, thus providing 99.9% confidence. 
Columns 6 and 6 refer to clinical data 

21 tested, 16 positive; 76%. 

* (+) indicates a recurrent tumor and (— ) indicates a primary 
tumor. 

t Tissue culture line. 


RNA Analysis in Burkitt’s Tumors 


TABLE 2. Test for viral-specific RNA in 
nasopharyngeal carcinomas 





RNA RNA 


Number cpl10m cep10m/S Reaction 


12707 386 48 
6720 403 .69 
13030 302 3.51 
10924 535 .22 
13092 374 34 
8507 297 3.45 
15903 615 15 
15803 324 3.76 
7820 432 5.02 
15505 559 >. 50 
13337 207 2.40 
9423 26 .30 
8778 22: 2.61 
11682 23 2.65 
9857 f ).66 
15434 .98 
2782 2.02 
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Results of hybridization reactions between Rauscher virus- 
[7H]DNA and polysomal RNA isolated from nasopharyngeal 
carcinomas. (See Table 1 for details.) 


that these expectations are realized. None of the Rauscher 
virus-positive lymphoma or nasopharyngeal carcinoma poly- 
somal RNAs annealed significantly to either unrelated viral 
DNA tested. 
DISCUSSION 

Of the 21 African Burkitt’s lymphomas, 76% were positive, 
as were 50% of 20 nasopharyngeal carcinomas. The absence of 
positive reactions with some of the tumors examined may 
raise questions of universality in the minds of some. How- 
ever, there are various reasons why a negative outcome cannot 
be accepted as definitive evidence for the complete absence of 


TABLE 3 





Burkitt's RNA RNA Reac- 


Viral [7H|}DNA cep10m/S tion 


tumorno. cpl0m 
52 0.60 
1.77 


Avian myeloblastosis 11719 
Avian myeloblastosis 10438 153 
Mouse mammary tu- 

mor 11719 : 60 
Mouse mammary tu- 

mor 10438 2.74 
Mouse mammary tu- 

mor 14857 ‘ O4 





Results of hybridization reactions between avian myeloblas- 
tosis virus and mouse mammary tumor virus [*H] DNA and poly- 
somal RNA isolated from Burkitt’s tumors. Between 200 and 600 
ug of polysomal RNA of each sample were annealed to 2000 cpm 
of [3H]DNA, and the reactions were subjected to CsSO, equi- 
librium centrifugation. The data are expressed on cpl0m (cor- 
rected for background) banding in the RNA region of the gradi- 
ent, and as multiples of the standard deviation (S) (as described 
in the legends to Table 1 and Fig. 3.) 
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Fic. 3. Results of hybridization reactions with Rauscher 
virus-(H] DNA and polysomal RNA from Burkitt’s tumors, 
nasopharyngeal carcinomas, and normal human cells. The poly- 
somal RNAs of normal tissues were derived from normal 
leukocytes (X), PHA-stimulated lymphocytes (@), a human 
lymphocyte cell line, NC37 (®), spleens, other adult tissues: 
liver (A), intestine (O), striated muscle (0), fetal tissues: liver 
(A), lung (¥V), limbs (O), placenta (OG), and African control 
tissues: tonsillitis (A), benign mandibular cyst (0). The reac- 
tions were then subjected to Cs,SO, equilibrium density centrifu- 
gation as described under Fig. 1. The amount of [*H]DNA, ex- 
pressed as cp10m corrected for background banding in the density 
region of RNA (density 1.62-1.69), was determined for each 
reaction. An operational mean and standard deviation (S) were 
then determined for each counter by the total epl0m of three 
tubes (i.e., 2,3,4) of each of 60 gradients. The number of [7H] DNA 
cpl0m corrected for background banding in the RNA region of 
the gradient was then divided by the appropriate operational 
standard deviation. Any reaction with cpl10m in the RNA region 
less than 3S is considered negative, thus providing 99.9% con- 
fidence that those reactions retained as positive (greater than 
3S ) are significant. 


the relevant RNA, whether the tissue being tested is neo- 
plastic or normal. In the first place, all of the samples tested 
in the present series were collected in laboratories remote from 
our own. Any significant delay between removal and freezing 
of the sample, or if it suffers more than one freezing and 
thawing, can lead to loss of the relevant RNA by nucleolytic 
degradation. The sensitivity of detection of complementary 
RNA is limited by the amount of polysomal RNA that can 
be dissolved in the annealing mixture, a difficulty that will be 
obviated by the development of a suitable enrichment pro- 
cedure for the pertinent RNA fraction. Finally, it may be 


TABLE 4 





Naso- 
pharyngeal RNA RNA Reac- 
carcinoma cpl0m = cpl0m/S tion 


Viral [7H]DNA 
product 


Avian myeloblastosis 15505 146 1.69 
Avian myeloblastosis 6720 1.73 
Mouse mammary tu- 

mor 15903 
Mouse mammary tu- 

mor 15505 
Mouse mammary tu- 

mor 15803 





Results of hybridization reactions between avian myeloblas- 
tosis virus and mouse mammary tumor virus [*H] DNA and poly- 
somal RNA obtained from nasopharyngeal carcinomas. 
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Fic. 4. Cs,SO, density profiles of avian myeloblastosis virus 
[3H]DNA hybridized to polysomal RNA obtained from Burkitt’s 
tumor 11719 positive in a reaction with Rauscher virus-[*H] DNA 
(A) and of mouse mammary tumor virus [*H]DNA hybridized 
to polysomal RN A from nasopharyngeal carcinoma 15903 positive 
with ([?H] DNA from Rauscher virus (B). The annealing reactions 
were analyzed by Cs,SO, density centrifugation as described in 
Fig. 1. 


worth explicitly noting an inherent difficulty in the kinds of 
hybridizations we can perform. The DNA probes generated 
by RNA-directed DNA polymerase do not constitute complete 
copies of the viral RNAs used as templates. Both of these 
features diminish the effectiveness of these probes as de- 
tecting devices. The eventual availability of proper DNA 
transcripts of the appropriate viral RNA will greatly improve 
the sensitivity and certainty of the annealing reactions. Until 
this result is achieved, and the other technical difficulties 
noted are overcome, negative outcomes must remain un- 
interpretable. 

The fact that we find RNA that is related to Rauscher 
virus-RNA does not of course establish the presence of tumor 
viruses in these human malignancies. One must now perform 
experiments designed to answer the following two questions: 
(i) How large is the RNA in question? and (i) Is it associated 
physically with a reverse transcriptase in structures character- 
istic of complete or incomplete virus particles? The requisite 
techniques to answer these questions have been developed 
(18, 19). 

It is obviously desirable and necessary to perform similar 
studies on those animal neoplasias in which a DNA virus has 
been implicated, including the Lucké tumor of the frog, 
tumors induced by polyoma, and by SV-40 viruses. Even the 
avian Marek’s disease, where the evidence for involvement of 
a herpes-like virus as the causative agent is impressive (20), 
could conceivably yield unexpected information of value. 

Of particular interest is infectious mononucleosis in 





Proc. Nat. Acad. Sci. USA 70 (1978) 


humans, a self-limiting non-neoplastic condition in which 
prospective studies (21, 22) have strongly implicated the 
Epstein-Barr virus. This benign disease may well provide the 
opportunity to identify the type of viral-related information 
that is unique to malignant tissues. 

Finally, we want to emphasize that we draw no conclusions 
on the etiology of Burkitt’s lymphoma and nasopharyngeal 
carcinoma from the experiments described here. The presence 
of RNA homologous to that of Rauscher virus is obviously an 
observation worthy of note to those who wish to understand 
the biology of these tumors. The etiologic questions and 
implications generated by these findings will be resolved only 
by further investigation. There also remains the question of a 
possible homology between Epstein-Barr virus-DNA and 
Rauscher virus-RNA. 


This investigation owes much to Dr. George Klein of the 
Karolinska Institute, Department of Tumor Biology, Stockholm, 
Sweden, who encouraged its initiation and helped with a generous 
supply of tumor material, along with relevant clinical information. 
DN A-directed DNA polymerase was a gift from O. Nussbaum, 
Hoffman La Roche, Nutley, N.J. Highly purified Epstein-Barr 
virus DNA was the gift of H. zur Hausen, Institute for Virology, 
Wiirzburg, Germany. We thank Dr. J. Ziegler, Uganda Cancer 
Institute, Uganda, Africa, for supplying several of the Burkitt’s 
tumors, and E. Gordon, J. Myers, and L. Hindin for excellent 
technical assistance. This research was supported by the National 
Institutes of Health, National Cancer Institute, Special Virus 
Cancer Program Contract 70-2049, and by Research Grant 
CA-02332. 
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ABSTRACT Binding of methadone in body tissues 
limits the rise in plasma concentration and prolongs the 
pharmacological action in patients receiving a daily main- 
tenance dose. An opiate with equal intrinsic activity but 
greater binding affinity would, therefore, be a better drug 
than methadone for maintenance treatment; it would be 
safer when taken in a single dose and longer in its duration 
of action when taken on a regular schedule. 





In maintenance treatment of narcotic addicts, methadone is 
administered as a single daily dose of constant magnitude (1). 
On this schedule the patients remain functionally normal (2), 
without symptoms of abstinence, during the 24-hr span be- 
tween doses. If a single dose is omitted, they generally ex- 
perience only minor discomfort (some nausea and grippe-like 
aching) during the subsequent 24-hr period without medica- 
tion. 

On the other hand, quantitative studies of the analgesic 
effect of methadone in acute experiments have shown that the 
duration of the drug effect is only about 6 hr, no greater than 
that of morphine (3). There is thus a significant difference 
between the periods of action of the drug on acute and chronic 
administration. Paradoxically, the effect of methadone per- 
sists longer in the patients who have become refractory to the 
narcotic action of the drug (the maintenance patients) than 
in subjects who have not received previous doses of metha- 
done and, therefore, are more sensitive to it. 

The explanation suggested by recent studies of maintenance 
patients in this laboratory is that methadone accumulates in 
tissue when given repeatedly. Bound methadone, equilibrated 
with drug circulating in plasma, sustains a pharmacologically 
effective plasma level for 24 hr or longer. Since a single dose is 
rapidly cleared from the plasma, this dose, in the absence of 
tissue stores, soon loses its effect. On the other hand, a daily 
dose of methadone, given to a maintenance patient, stabilizes 
him pharmacologically by maintaining a reservoir of drug in 
tissue; this reservoir, in turn, holds the plasma level within 
narrow limits. This buffering action makes short-term fluctua- 
tions in dosage unimportant. In any 24-hr period, the dose 
taken by a maintenance patient may be halved or doubled 
without significant effect, whereas a change of this magnitude 
if continued over several days would be felt by the patient. 

The approximate capacity of the methadone reservoir and 
the rate of elimination of drug from the body can be estimated 
from data recently obtained by us (M. J. K., manuscript in 
preparation) and other investigators (4, 5). In our study, nine 
patients who had been maintained on methadone for 1—5 years 
prior to the study, and known to be reliable (urines consis- 
tently free of other drugs, steady employment, good reputa- 
tions), were stabilized on a daily dose of 100 mg for a period of 
8 weeks. At 2-week intervals, each patient spent a day in the 
clinie during which time blood samples were taken before 
ingestion of the daily dose of methadone, and at intervals of 2 
and 6 hr afterwards. Urine samples were also taken for analysis 
of methadone and routine monitoring for drugs of abuse (none 


were found). Plasma methadone concentrations were deter- 
mined by isotope dilution and gas-liquid chromatography 
(manuscript in preparation). The recovery of methadone 
added to plasma was 97.6 + 7.5%, over a concentration range 
from 0.3 to 2.0 ug/ml. 

Plasma concentrations before ingestion of the morning dose 
(i.e., 24 hr since the last dose) averaged 0.58 ug/ml. Analysis 
of variance showed no significant trend in these levels over 
the 8-week period of observation, and no consistent difference 
between the two values obtained from the samples taken 2 and 
6 hr after the dose—the latter result presumably reflecting 
variations in the time that the plasma maximum occurred 
after ingestion. The average increment in plasma level (differ- 
ence between the zero-time level and the greater of the two 
values after ingestion) was 0.33 ug/ml; thus, only about 1 mg 
(assumed plasma volumes of 3500 ml) of the 100 mg admin- 
istered was recovered in circulating plasma. 

The ratio between the maximal observed concentration of 
methadone in plasma and the level 18-22 hr later was 1.6. 
Therefore, the half-time of excretion has a magnitude of the 
order of 24 hr, and the average rate of clearance of drug from 
plasma is about 140 mi/min. These values are only preliminary 
estimates, but the magnitude of these parameters is not in 
doubt. A large reservoir outside of plasma must exist to ac- 
count both for the limitation of plasma concentration to a 
low level after absorption of a large dose, and for maintenance 
of a relatively high plasma concentration 24 hr later. 

The concept of a tissue reservoir as the determinant of 
plasma level suggests a direction in which to search for a 
better drug than methadone—one that is both safer if taken 
by a nontolerant subject and longer in duration of action when 
used for maintenance treatment. If an opiate could be found 
with intrinsic activity equal to that of methadone, but with a 
tissue-binding affinity ten times greater, it would be almost 
devoid of narcotic effect in a single oral dose, yet when it was 
given repeatedly this hypothetical drug would establish a 
tissue reservoir that could be maintained by doses spaced at 
intervals of 2 weeks. 
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ABSTRACT In situ hybridization was used to detect 
regions of human metaphase chromosomes exhibiting 
complementarity with radioactively-labeled RNA isolated 
from RD114-virus. The region of homology, as identified 
by autoradiography, was confined to one D-group chromo- 
some. 





In a previous paper (1), we reported the probable localization 
of hemoglobin genes on human chromosomes. Hemoglobin 
structural genes were tentatively identified by autoradio- 
graphic detection of molecular hybrids formed in situ between 
purified, radiolabeled hemoglobin message and the DNA of 
metaphase chromosomes. 

The present communication reports the detection of regions 
of homology between the RNA extracted from RD114-virus 
(2), isolated from a serially cultured line of human rhabdo- 
myosarcoma cells (3), and a group-D chromosome from a 
human lymphoid cell line cultured serially. Methods were as 
described (2, 3). 


MATERIALS AND METHODS 


Virus and Cells. RNA was isolated from virus released into 
the culture medium from RD114 cells (RD114-virus). The 
RD114 cell line (gift from Dr. Aaron Freeman) was grown in 
75-cm? tissue culture flasks (Falcon Plastics) or in roller bot- 
tles (670-cm? surface area, Bellco) in complete medium [me- 
dium RPMI-1640 (GIBCO) supplemented with 10% fetal- 
calf serum, containing 4 mM glutamine and 50 ug of genta- 
mycin per ml]. Cells were fed with fresh complete medium 
every fourth day and subcultured every eighth day. 

Morphology and growth characteristics of RD114 cells 
appeared to be similar to those reported by McAllister et al. 
(3). The cells extruded virus into the culture medium that 
incorporated [*H |U, demonstrated RNA-directed DNA poly- 
merase (reverse transcriptase) activity (4, 5), and had a buoy- 
ant density of about 1.16 g/ml in a 15-65% sucrose gradient 
(Fig. 1). These findings are similar to those reported by McAl- 
lister et al. (2). 

Radioactive virus was prepared (6) in complete medium 
containing 20 wCi/ml of [7H]U (28 Ci/mmol). The purified, 
labeled virus was isolated from supernatant tissue-culture 
fluid clarified and pooled as follows: An equal volume of satu- 
rated ammonium sulfate was added and the precipitate was 
collected by centrifugation (30,000 K g, 5 min at 4°) and 
dissolved in 5 ml of NTE (100 mM NaCl-10 mM Tris: HCl- 
1 mM Na-EDTA, pH 7.4). The dissolved ammonium sulfate 


Abbreviation: SSC, 0.15 M NaCl-0.015 M Na-acetate. 


precipitate was then layered over a discontinuous gradient 
containing 0.7 ml of 65% sucrose and 3 ml of 20% sucrose in 
NTE and centrifuged in a Spinco SW39 rotor for 2 hr at 32,000 
rpm. The interphase was collected, diluted 10-20 times, and 
centrifuged (37,000  g, 120 min at 4°). The pellet was then 
dissolved in 0.4 ml of NTE, layered onto a 5-m! 20-65% su- 
crose gradient, and spun in an SW39 rotor (37,500 rpm, 120 
min at 4°). 0.3-ml Fractions were collected from the bottom 
of the tube. Each fraction was assayed for density, radioactiv- 
ity, and RNA-directed DNA polymerase activity (3, 5, 6). 


Isolation of RD114 (?H|] RNA. Fractions of the sucrose gra- 
dient with a density between 1.13 and 1.19 and demonstrating 
incorporation of [*H JU and/or RNA-directed DN A polymerase 
activity (fractions 3-7, Fig. 1) were pooled and diluted with an 
equal volume of NTE. To this were added 2-mercaptoethanol 
(final concentration 0.01 M) and sodium dodecy] sulfate (final 
concentration 1%) with stirring (15 min at 4°). The labeled 
RNA was then extracted by stirring the virus solution with 
0.5 volume of phenol-cresol for 30 min at 25°. The resulting 
emulsion was then centrifuged (18,000 x g, 20 min at 4°) 
and the aqueous phase was retained. The phenol layer was 
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Fig. 1. Equilibrium sucrose density gradient centrifugation 
of [9H]U-labeled RD114 virus. Centrifugation was for 2 hr at 
37,500 rpm and 4° in a Spinco SW39 rotor after the virus was 
layered over a 5-ml sucrose gradient (20-65%) in NTE buffer. 
A 0.01-ml aliquot of each fraction was assayed for radioac- 
tivity and a 0.1-ml aliquot of each fraction was assayed for 
RNA-directed DNA polymerase activity. Radioactivity, epm 
of [*H]U, @——®; RNA-dependent DNA polymerase, [*H)TTP 
—O; solution density, X x. 
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Fic. 2. Karyotype and chromosome spread showing significant label on both iong arms of D-group chromosome (arrow). Silver 
grains on the labeled D chromosomes were so dense as to make accurate grain counts impossible. For this reason the statistical 
analysis is based on whether or not a millimeter segment of a chromosome has grains. Dashes between numbers under chromosomes 


indicate inability to distinguish individual chromosome groups on the basis of morphology alone. 
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then shaken with an equal volume of 0.1 M sodium acetate 
made pH 5.0 with acetic acid and recentrifuged. The aqueous 
phases were pooled and sodium acetate (final concentration 
2%) and two volumes of ethanol were added. The precipitated 
RD114[*H] RNA was collected by centrifugation (18,000 x g, 
20 min at 4°), dissolved in 0.1 ml of 0.01 & SSC (SSC = 0.15 
M NaCI-0.015 M sodium acetate, pH 7.4) (([HJRNA con- 
centration, 1.4 ug/ml; specific activity, 695 cpm/ug), and 
frozen at —20°. 


In Situ Hybridization. Human metaphase chromosomes 
were prepared from long-term lymphoid cultures (7) on glass 
slides, initially incubated for 10 min at 100°, and plunged im- 
mediately into ice-water. The slides were then dehydrated 
with 70, 90, and 100% ethanol. 0.05 ml of RD114-RNA solu- 
tion previously adjusted to 2 X SSC with 10 K SSC was 
placed on each slide. A siliconized coverslip was placed on 
top of each slide and sealed to it with rubber cement. The 
slides were incukated, first at 100° for 10 min and then at 65° 
for 20 min, and plunged into ice-water immediately after 
each incubation. The coverslips were removed and the slides 
were washed three times with a solution containing 100 mM 
NaCl-1 mM EDTA. The slides were then incubated with 
RNase (Sigma, 1 ug/ml in NaCl-EDTA) boiled for 5 min to 
destroy DNase activity, in order to remove nonhybridized 
RNA, again washed three times with NaCl-EDTA, dehy- 
drated with ethanol as before, and stained with 2% aceto- 
orcein. Autoradiography was performed with AR10 stripping 
film and, after 6 days of incubation at 4°, the slides were 
developed and photographed. 


RESULTS 


Among over 1000 metaphase chromosomes sufficiently spread 
to allow the assignment of silver grains associated with the 
chromosomes, only eight (including one tetraploid) showed 
association greater than background. Statistical analysis of 
the grain distribution (Table 1) indicates that a D-group 
chromosome displays a region in its distal half (Figs. 2 and 3) 
that is significantly labeled (P < 0.000027%). These data indi- 
cate that a D-group chromosome in apparently uninfected 
human lymphoid cells contains stretches of DNA that exhibit 
sequence homology with RNA isolated fron RD114-virus. 


DISCUSSION 


It is statistically highly likely that one of the D-group chromo- 
somes of human lymphoid cells not known to be infected with 
RD114-virus contains informational sequences related to those 
involved in the production of RD114-virus. The presence of 
virus-related DNA sequences in cells not actively producing 
virus has been detected by other techniques (8-10). 
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This study has obvious relevance to the oncogene hy- 
pothesis (11) in that our findings indicate that a DNA replica 
of part or all of an oncogenic RNA virus genome appears to be 
resident in a highly restricted region of the hereditary mate- 
rial of human lymphoid cells. Our finding is in contrast to 
those reported for potentially oncogenic DNA viruses, such as 


TABLE 1. Significance of radioactive labeling of chromosomes* 





No. of 
times mm 
labeled§ 


Chromo- 
some mm 


no.t labeled t 


P(%)1 


B l >99 

>99 

>99 

>99 

>99 

>99 

>+9 

>99 

>99 

>99 

>99 

>99 
13.4 
0.97 
0.000027 
0.00000044 
0.000027 
0.000027 
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* Karyotypes = 8 (with 1 tetraploid). 

+ All B chromosomes were adjusted to 15 mm. All D-group 
chromosomes were adjusted to 8 mm. Total length per karyotype 
(46 chromosomes) = 500 mm (all adjustments were based on 
average chromosome length in karyotypes). All measurements 
were made from the top of a chromosome; only millimeter seg- 
ments that have label are considered in this table. 

t Areas were considered labeled when grains were found in 
any two consecutive millimeter segments of the chromosome. 
Any noncontiguous label was considered to be background. The 
first millimeter segment from the distal end of the short arm of 
the chromosome was considered as segment 0-1. 

§ Number of chromosomes in which this millimeter segment is 
labeled, according to the above consideration. 

1 The probability that labei in a specific millimeter segment is 
random was computed from the following (Documenta Geigy. 
7th Ed., p. 189, formula 805b): probability of labeling any milli- 
meter segment of a chromosome of the 8 karyotypes = 1.0 
(100%). 

Probability of labeling any labeled millimeter segment = 
d! (a — da)! b! c! 
(d — e)le! a! (b— e)! (ec —d+e)! 

Where a = total millimeters remaining = 4500 — 1 4499; 
b = total millimeters remaining that are identical to one labeled 
= (18 — 1 = 17);c¢ = total other millimeters remaining = 4482; 
d = total remaining millimeters to label = 42 — 1 = 41 (42 = 
total millimeters labeled); e = frequency of labeling any millimeter 
segment homologous to a labeled millimeter segment (so that if 
a millimeter segment is labeled five times, e = 4). Only 4 or more 
“hits” in any particular millimeter segment are considered 
significant, because only then is P below the 0.01% level. 
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Adenovirus-12 (12, 13), in which hybridization of viral DNA 
was found to occur on multiple sites in the human karyotype. 
We are fully aware that the localization demonstrated in our 
study does not yet prove the specificity of the site on the D 
chromosome exlcusively for RD114 RNA. If the specificity of 
this phenomenon is proven, these experiments are of potential 
significance in the understanding of the relationship of virus 
infection to human neoplasia and of the role of the human 
genome in the expression of malignant transformation. 
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ABSTRACT Clinical, pathologic, and epidemiologic ob- 
servations of malignant tumors of children in sub-Sahara 
Africa suggest alternative theories of causation, and give 
insight into environmental influences that may play a 
large role in the etiology and form of malignant lymphatic 
tumors and cerebral neoplasms of infants. 





Malignant lymphomas account for nearly half of the cancers 
of young children, but there are striking geographic differences 
among the several types. In northern hemispheres the malig- 
nant lymphomas are commonly lymphoblastic leukemias, but 
in central, sub-Sahara Africa and in New Guinea they are 
almost always solid, multicentric tumors, the so-called Burkitt 
type of lymphoma. In Brazil, and probably in South Africa 
as well, the ratios are intermediate, and in both areas hybrid 
forms have been conspicuous. Indeed, the pattern of Burkitt 
tumor in North America is notably different from that in 
Africa as, for example, in the frequency of leukemia and of 
jaw tumors. 

The Burkitt tumor has been intensively investigated (1) 
during the past dozen years, largely because its distribution 
in Africa resembles the geographic pattern of arbovirus in- 
fections; these studies led to the suggestion that the tumor 
might be caused by a mosquito-borne virus (2). A miscellany 
of agents have since been recovered from African tumors and 
one, a herpes virus, is still being exhaustively studied because 
of its intimate association with the tumor. Whatever the role 
of this virus may prove to be, it is now quite evident that it is 
just as intimately associated with various other diseases, 
which include infectious mononucleosis, cancers of the post- 
nasal space, and Hodgkin’s disease. The elevated antibody 
levels to the virus, which attracted much attention when they 
were first associated with the Burkitt tumor, are also present 
in these and other circumstances; elevated antibody levels 
are now thought to be an expression of impaired cellular 
immunity, rather than indicative of a casual relationship (3). 

Furthermore, the Epstein-Barr (EB) virus is distributed 
worldwide and, therefore, offers no explanation of the uneven 
distribution of the Burkitt tumors. In addition there is little 
in the known natural history of EB virus infection to dis- 
tinguish it from other herpes viruses, especially the cyto- 
megalo viruses and virus III, which is a passenger of the 
Brown-Pearce tumor of rabbits. On the other hand, a herpes 
virus is believed to be the cause of a lymphatic malignancy 
in primates, and herpes viruses have been related to cancers 
of the cervix and uterus; continued exploration of the role of 
all these agents is surely in order. 


An environmental factor that plays a significant role in 
determining the geographic pattern of the lymphomas is 
tropical malaria—holo- or hyper-endemic malaria. The 
association of malaria of this kind, in which repeated infec- 
tions during the first year of life induce a severe and uninter- 
rupted struggle with the parasite was originally recognized 
epidemiologically (4) and has been repeatedly confirmed. 
Initially, it was simply postulated that the pre-existing ma- 
laria transformed acute leukemia into a restricted, localized, 
subacute, or chronic disease. Both processes, the malaria 
and the leukemia, compete within the reticuloendothelial 
system; it was presumed that the leukemia cell is greatly 
disadvantaged by the malaria and survives and grows only 
in distant loci, such as the jaw bones and ovaries, the 
favorite sites of the African tumors. This view of pathogenesis 
also provided an explanation of the somewhat later peak-age 
incidence of the Burkitt tumor and its greater response to 
chemotherapy. The concept was further reinforced by the 
observation that myeloid leukemia at times behaves in a 
more chronic fashion in Africa than in European children, 
and that chloromatous deposits are more frequently seen in 
Africa than elsewhere (5). 

If the Burkitt tumor bears such a relationship to acute, 
lymphoblastic leukemia, then the reciprocal ratios of the two 
are easily understood and the lessons of the Oxford survey, 
which revealed that childhood leukemia is initiated dur- 
ing gestation and that its prolonged latency is characterized 
by extreme susceptibility to various infections (6), may be 
pertinent to the Burkitt tumor as well. The first of these two 
observations, the origin during gestation, is critical to the 
proposition that the Burkitt lymphoma is caused by a post- 
natal virus infection, such as that associated with EB virus. 
The second observation is a reminder of deficiencies in the 
developing countries of adequate vital statistics. We cannot 
measure the mortality among the young that is due to holo- 
endemic malaria, or measure the relationship between deaths 
during infancy that are caused by malaria and by leukemia. 

We found no answers to these questions during a recent 
survey that spanned central Africa, but we did benefit from 
the firmly established and expertly directed cancer registries 
in Ibadan, Kampala, and Nairobi. Selected, combined noti- 
fications from these three registries are shown in Table 1 in 
parallel with the 1962-1965 notifications from England and 
Wales. Table 1 (which assumes the population at risk is un- 
known for the African series) recognizes two types of lym- 
phatic neoplasm, two types of solid tumors, and three age 
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The relative frequency of different types of cancer 
in African and European children 


TABLE 1. 





Age at notification, years 





5-9 10-14 All ages 





Diagnosis Te oe tS aa Se 





Leukemia 3 @li37 36 38 258 98 1304 
(7) (19) (29) (15) 

Lymphomas 131 137 493 156 288 221 912 514 
(186) (614) (253) (345) 

Neural 36 629 27 404 16 = 314 75 1347 
tumors (10) (13) (10) (11) 

Other 302 640 142 231 %185 352 629 1223 
cancers (92) (119) (102) (100) 

Leukemia 154 808 530 531 326 479 1010 1810 
+ lym- (37) (194) (132) (108) 

phomas 

Neural and 334 1269 169 635 201 666 704 2570 
others (51) (52) (59) (53) 

Total 488 2077 699 1166 527 1145 1714 4388 
(46) (117) (89) (76) 





A, a consecutive series of cancer notifications from Ibadan, 
Kampala, and Nairobi Cancer Registries (1966-1969). 

B, cancer notifications, England and Wales. The Registrar 
General’s Cancer Supplement 1962-1965. 

The Standardized Incidence Ratios are shown in parentheses. 
Standard equals 100. 


groups. The numbers of leukemias, solid lymphomas, neural 
tumors, and other cancers are shown in the upper lines and 
immediately beneath (in parentheses) the incidence ratios 
when the 1852 solid tumors, other than neuroblastomas, are 
allowed to set the standard of comparison (i.e., when the 
A:B ratio for solid tumors other than neuroblastomas equals 
100). 

For all forms of cancer the A:B ratio was 76, and for the 
lymphatic neoplasms and solid tumors the ratios were 108 
and 53, respectively. The slight excess (8%) of lymphatic 
tumors in Series A was accompanied by an 85% deficit of 
leukemia and a 89% deficit of neural tumors. For children 
under 5 years of age the corresponding figures were 93 and 
90%, respectively, and for children over 10 years they were 
71 and 90%, respectively. 

These observations suggest that the central African en- 
vironment, perhaps due to the repeated attacks of malaria 
during infancy that are characteristic of the regions in ques- 
tion, have several consequences for children who are incubat- 
ing malignant diseases: (i) the malaria may make survival 
difficult, hence the relative deficit in the youngest age group, 
(tt) the masking effect of true incidence may be dispropor- 
tionately large on cancers with short latent periods, such as 
leukemia and neuroblastoma, (iii) the acquisition of resistance 
to malaria among the survivors may determine the switch 
from leukemia to the multifocal form of lymphoma. 

The problem of underreporting has long been recognized 
as a worrisome aspect of the leukemia problem in Africa; 
during our recent survey, special attention was given to the 
evidence regarding leukemia. It seems more and more certain 
that the acute forms of lymphoblastic leukemia are seldom 
seen among young children in the countries we visited. The 
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deficiency of acute leukemias of all forms is most marked 
among the youngest age groups. Thus, Essien (7) provided 
convincing evidence in Ibadan—where interest is high and 
pediatric hematologic consultations are commonplace. Of the 
91 cases of acute leukemia Doctor Essien had personally 
studied, 37 were younger than 15 years, but only 5 of these 
were below 10 years of age. Essien calculated the incidence 
of acute leukemia in Ibadan to be 0.35/100,000 per annum, 
but only 0.19/100,000 in children younger than 15 years (7). 
Equally thorough studies in Kampala (8) provided similar 
evidence. : 

Of special interest to us during the 1972 survey were clues 
in Kampala and Nairobi that acute lymphoblastic leukemia 
may now be emerging as a more common disease among young 
children than was true even a few years ago. The Kampala 
evidence is based on an intensive, 1l-month search for in- 
stances of acute leukemia among clinic patients that revealed 
eight cases, of which three were lymphoblastic (9). The au- 
thors also reviewed recent hospital records; they concluded 
that underreporting had occurred. The possibility of increas- 
ing incidence due to environmental changes and the relation- 
ship of leukemia to the solid lymphatic tumors was not dis- 
cussed. 

In Nairobi, 13 cases of acute, lymphoblastic leukemia alone 
had been observed during the past 2 years, a striking increase 
over our experience in the same community 12 years before, 
when such illnesses were rarely seen in young children. Some 
of the evidence was found in the cancer registry, but others 
were brought to our attention by Dr. R. B. Barr, who had 
personally documented the nature of many of the illnesses. 

The records of the Nairobi patients were searched for evi- 
dence of malarial infection, along with the records of an equal 
number of patients of similar ages who were currently being 
treated for Burkitt lymphomas in the same hospital. All but 
one of the Burkitt’s lymphoma patients in whose records 
malaria was mentioned was infected, but evidence of malaria 
was completely lacking in those who were leukemic; nine of 
the leukemic patients had laboratory notations of the absence 
of plasmodia, or malarial pigment, or both. Unfortunately, the 
comparison of the two groups could not be extended to their 
geographic origins since the Burkitt patients had been drawn 
from all parts of Kenya to the Kenyatta National Hospital, 
which has long been a study center of such tumors, while the 
leukemia patients had largely lived in or near Nairobi. 

Both Kampala and Nairobi are in the midst of striking 
social changes, and there was evidence in both places of in- 
creasing control of malaria. In Nairobi the use of malarial 
prophylactiecs has increased, and improvements in housing, 
sanitation, and nutrition are conspicuous. The situation in 
Kampala is believed to be similar, and the leukemias that 
occur there will hopefully be critically examined for evidence 
of malaria. Much more detailed evidence will be needed to 
determine whether tropical malaria alters the pattern of the 
malignant lymphomas of young children, and to explore the 
mechanisms that may be involved, but the experience of the 
past decade is testimony to the value of clinical epidemiologic 
studies of the natural history of malignant diseases. 

Tumors resembling the African variety occasionally occur 
in many places where malaria is rarely or never seen. They 
are less frequent and often less distinct, but it is clear that 
other environmental influences than malaria need to be con- 
sidered. 
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Research Corporation provided the funds that enabled us to 
visit and interview faculty in the medical schools in Ghana, 
Nigeria, Uganda, and Kenya. These colleagues generously shared 
their observations and assisted us with great patience and kind- 
ness. 
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ABSTRACT The rate of leucine incorporation into a 
specific estrogen-induced protein of immature rat isolated 
by gel electrophoresis declines rapidly between 2-4 hr after 
estrogen stimulation in vivo followed by incubation in 
vitro. Actinomycin D present during the in vitro phase pre- 
vents this decline, and elicits a “‘superinduction”’ effect 
at 2 hr. Labeled induced protein remains stable during this 
time period, indicating that its decline is due to a reduc- 
tion in synthesis capacity for the inducible protein, rather 
than to its degradation. A second injection of hormone at 
3 hr has no effect on the reduced level of synthesis capacity 
for induced protein noted at 4 hr in the rat uterus. 





Specific protein synthesis has long been implicated in 
development of the estrogen response of the uterus (1). 
Recently, increased incorporation of labeled amino acids into a 
distinct, induced-protein (IP) band after estrogen treatment 
has been observed upon analysis of soluble uterine proteins by 
gel electrophoresis (2). IP synthesis, demonstrable by both 
in vivo and in vitro hormone stimulation (3, 4), begins after a 
lag period of 45-60 min (5). Since actinomycin D blocks this 
induction, IP synthesis is dependent upon RNA synthesis (6). 
The accumulation of IP-synthesizing capacity, which is a 
reflection of the amount of mRNA for IP, however, is inde- 
pendent of concurrent protein synthesis, since neither puro- 
mycin nor cycloheximide is effective in preventing this 
response; accumulation of synthesis capacity precedes IP 
synthesis by 30 min. No measurable lag period of accumula- 
tion of IP RNA after estrogen administration is observed. In 
the in vivo studies reported, both the rate and absolute amount 
of IP synthesis decline sharply by 4 hr after hormone injection, 
from a peak at 1-2 hr (2, 5, 6). This decline is in sharp contrast 
to the relative stability of IP RNA, for which a half-life of 3-4 
hr has been measured (7). 

In this paper, we present data that demonstrate both an 
inhibition of the temporal decline of IP synthesis and a 
“superinduction” effect during the time of maximum synthesis 
when surviving uteri from estrogen-stimulated rats are in- 
cubated with actinomycin D. That the decline of IP synthesis 
appears to be due to a reduction in IP-synthesizing capacity, 
rather than to a degradation of IP, is shown by the stability of 
synthesized IP throughout this time period. Furthermore, a 
second injection of hormone at 3 hr cannot reverse the lowered 
IP-synthesizing capacity previously noted at 4 hr. 


Abbreviation: IP, induced protein. 


* Present Address; Department of Biochemistry, Northwestern 
University School of Medicine, Chicago, Ill. 60611. 
T Reprint requests may be sent to this author. 


MATERIALS AND METHODS 


Immature Sprague-Dawley rats between 21 and 25 days of 
age were purchased from Carworth Farms, Long Island City, 
N.Y. The experimental design of these studies was a modifica- 
tion of that reported (6). Experimental animals (3 per group) 
were injected intraperitoneally with 5 ug of 178-estradiol in 
0.15 M saline. Control animals (3 per group) received saline 
alone. After 1 hr, animals were decapitated and their uteri, 
with all adhering fat removed, were transferred to flasks 
containing 2 ml of Eagle’s HeLa medium (Difco), with or 
without 10 ug/ml of actinomycin D. After incubation for 2, 3, 
or 4 hr, uteri were transferred to fresh medium containing 10 
ug/ml of actinomycin D and radioactive leucine. Proteins 
were labeled with either 20 wCi of L-[*H Jleucine (experimental; 
52 Ci/mmol, Schwarz) or 5 wCi of L-['*C }ieucine (control; 310 
Ci/mol, Schwarz) for 2 hr. All incubations were at 37° under a 
95% O.-5% CO» atmosphere. At the termination of the incu- 
bation period, control and treated uteri were combined, rinsed 
with cold 0.05% NasETDA, and homogenized in 0.8 ml of this 
solution. Homogenates were centrifuged for 30 min at 27,000 
< g in a Sorvall refrigerated centrifuge, and the resulting 
supernatant fraction (uterine supernatant proteins) was 
frozen at —14° until use. 

Proteins were separated by acrylamide gel electrophoresis 
(6). At the termination of an electrophoretic run, the gels were 
stained in 0.2% Coomassie blue. Destained gels were frozen 
over solid CO2, sectioned into 2-mm slices, and prepared for 
scintillation counting. Each slice was placed into a mini-vial 
(Nuclear Associates), dried at 55° for 3 hr, and incubated in 
0.4 ml of Protosol solution (New England Nuclear; Protosol 
toluene—H,0, 6:3.5:0.5). The vials were capped and incuba- 
tion was continued for 5 hr; the vials then were kept at room 
temperature overnight. After 5 ml of toluene scintillant (0.5% 
PPO-0.03% POPOP) was added, samples were counted in a 
Packard Tri-Carb scintillation spectrometer. Counting effi- 
ciencies were 18% for *H and 50% for “C. Relative IP 
synthesis was calculated by averaging the percent increase in 
the *H/'C ratio observed under the IP peak on the acryl- 
amide gels. 

In IP stability experiments, the rats were administered 
178-estradiol or saline at zero time and killed 45 min later. 
Excised uteri were placed into 2 ml of HeLa medium and 
incubated with [*H ]leucine (experimental; 40 wCi) or ["C}- 
leucine (control; 10 wCi) for 75 min. The tissues were rinsed and 
transferred into a chase medium containing 8 mM unlabeled 
leucine, with or without 10 ug/ml of actinomycin D. Incuba- 
tions were terminated after 210 or 300 min. The uteri were 
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processed and IP was measured. To determine the effective- 
ness of the chase, uteri (2 per point) were incubated with 
labeled leucine for 30, 60, 90, and 120 min. Isotope uptake was 
terminated with cold 10% trichloroacetic acid. Another group 
of uteri, after labeling for 60 min, was transferred into the 
chase medium and incubated (2 uteri per point) until 70, 90, or 
120 min had elapsed. Total protein was extracted and its 
specific activity was measured (8). 


RESULTS 


Fig. 1 shows electrophoretic patterns of labeled, uterine 
supernatant proteins exposed for 2 or 3 hr to combined 
in vivo-in vitro estrogen stimulation. Inspection of both the 
tritium counts incorporated into the IP band and the cor- 
responding ratio changes shows that IP synthesis at 3 hr 
declined from the 2-hr value. This IP decline, which has been 
consistently observed, becomes even more pronounced at 4 hr. 
The curves in Fig. 2 are obtained from electrophoretic 
profiles, examples of which are shown in Fig. 1. Each point is a 
measure of accumulated IP-RNA translation (IP-synthesizing 
capacity) during the isotope uptake period. In each case 
actinomycin D has been either present or absent during the 
in vitro incubation preceding isotope uptake. The control curve 
(minus inhibitor) shows maximal IP synthesis between 1 and 2 
hr rapidly declining to one-third of this value by 4 hr. With 
inhibitor present during the incubation before uptake, decline 
of IP synthesis is effectively blocked. When the 2, 3, and 4 hr 
time points from each of the two curves are drawn on a semi- 
logarithmic plot, the translational capacity (IP-RNA half- 
life) is seen to decline with a half-life of 1.5 hr when actino- 
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Fic. 1. IP synthesis after 2 hr (A) and 3 hr (B) of in vivo—in 
vitro estrogen stimulation. Immature rats (3 per group) were given 
178-estradiol (5 wg per rat) or saline and killed 1 hr later. The 
uteri were incubated in 2 ml of HeLa medium for either 1 or 2 
additional hr. At the end of each incubation period, uteri were 
transferred to fresh medium containing 10 yg/ml of actinomy- 
cin D and either 20 wCi of [*H]leucine (@——@) or 5 wCi of [C]- 
leucine (O- — -O). Isotope uptake was allowed for 2 hr, after 
which uteri were combined and homogenized. Soluble proteins 
were obtained and separated on 6% acrylamide gels, which were 
stained and sectioned. Radioactivity and *H/C ratios in each 
slice were measured. 
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RELATIVE IP SYNTHESIS 








2 3 
HOURS AFTER ESTROGEN 


Fic. 2. IP synthesis after in vivo—in vitro estrogen stimulation. 
Relative IP synthesis was determined from experiments similar 
to those shown in Fig. 1. All groups of rats received 178-estradiol 
at zero time, and were killed at 1 hr. The uteri were transferred 
into incubation media for time up to 2, 3, or 4 hr after hormone 
administration. The l-hr groups were transferred directly into 
incubation medium containing labeled leucine. Actinomycin D 
(10 ug/ml) was either present (O O) or absent (@ @) dur- 
ing the incubation periods before addition of isotope. At the end of 
each time period, all uteri were transferred to fresh medium 
containing the inhibitor and radioactive leucine (see Fig. 1 and 
Methods for details). Each time point is the average of three group 
determinations (+SEM). 


3.5 hr) with the inhibitor present. This 3.5-hr value is in close 
agreement to that reported earlier (7). It may further be noted 
from Fig. 2 that the relative amount of IP synthesized at 2 hr 
in the presence of the inhibitor is greater than the correspond- 
ing amount synthesized at 2 hr without inhibitor. Thus, we 
have a superinduction effect similar to that observed in other 
hormone systems (9, 10). 

Protein synthesis in both untreated and inhibitor-treated 
uteri after exposure to hormone for 2 and 3 hr remains similar 
when assessed by summation of the tritium counts incorpo- 
rated into total protein subjected to electrophoresis. A 
tendency to a lower mean value is noted with increased 
inhibitor éxposure, but is not statistically significant. These 
values, expressed as cpm X 10~* per gel are: 2 hr, 16.5 + 2.9; 
3 hr, 15.1 + 3.1; 2 hr + actinomycin D, 14.4 + 3.7; 3 hr 4 
actinomycin D, 12.9 + 1.8. Only after exposure to hormone 
for 4 hr is there an increase in isotope incorporation into total 


protein on the gel (21.5 + 1.8), ora decrease when inhibitor is 
present before isotope uptake (8.6 + 1.1). Therefore, it is 
highly unlikely that the observed drop in IP-synthesizing 
capacity is due solely to a relative increase of total protein 


synthesis in the cytosol fraction. 

While the preceding data agrees with the belief that IP- 
synthesizing capacity (IP-RNA translation) in a uterus 
declines sharply 2-4 hr after the initiation of estrogen action, 
the possibility that IP degradation is responsible for the 
decline during this time period is not excluded. In the experi- 
ments shown in Fig. 3, uterine proteins labeled during the first 
2 hr of estrogen stimulation are chased in ['H Jleucine for 3.5 
and 5 hr. Actinomycin D is either present during, or excluded 
from, the chase. If the synthesis or activation of any specific 
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proteolytic enzyme occurred, [*H]IP content would decline as 
the chase progressed. Presumably, actinomycin D would pre- 
vent a decline only if the appearance of the enzyme required 
prior RNA synthesis. IP, however, persists throughout the 
chase period, which covers the time when IP-synthesizing 
capacity sharply declines. The greater amounts of IP remain- 
ing at 3.5 and 5 hr relative to that present at the end of the 
isotope incorporation period (2 hr) are not readily explained. 
These higher values (the increase is probably not significant) 
cannot be the result of continued *H uptake during the chase, 
since the concentration of unlabeled leucine is effective (Fig. 3, 
insert). Still, it is important to note that (¢) previously 
synthesized IP remains stable over the 5-hr period after the 
initiation of estrogen action and (i) no difference is observed 
between the two curves when the inhibitor is either present 
during or absent from the chase. 

Finally, the effectiveness of an additional hormone injection 
at 3 hr in reversing the decline of IP-synthesizing capacity was 
tested. The experiment was done at two doses of hormone (0.5 
or 5 wg per rat). Three groups of animals were injected at time 
zero. One group was killed at 2 hr and another at 4 hr. The 
third received an additional hormone injection 1 hr before 
death at 4 hr. Fig. 4 shows that the second hormone injection 
at 3 hr is ineffective in restoring 4-hr synthesis of IP to the 2-hr 
value. This result is obtained at either of the two doses used. 


DISCUSSION 


The accumulation of a specific RNA (IP-synthesizing capac- 
ity) detectable within minutes after estrogen administration 
is one of the earliest synthetic responses of uterine cells (6). 
Whether this induction occurs according to the Jacob- 
Monod scheme (11), or to a modified hypothesis proposed by 
Tomkins (9) for adrenal steroid induction of liver cell en- 
zymes, is not clear. In the former scheme, control of IP-RNA 
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Fic. 3. IP stability. Immature rats (3 per group) were given 
178-estradiol (5 wg per rat) or saline and killed 45 min later. 
Excised uteri were labeled with 40 uCi of [*H]leucine (treated) or 
10 wCi of ['*C]}leucine (control). After the isotope uptake period 
(75 min), the uteri were transferred into fresh medium containing 
8 mM leucine with (O- - -O) or without (@——@) actinomycin 
D (10 ug/ml). The experiments were terminated 3.5 or 5 hr after 
hormone injection. Uteri were processed and IP was measured as 
outlined in Fig. 1 and Methods. Each point represents an in- 
dividual determination. Inset, Specific activity of uterine 
proteins after the isotope uptake period (@——@) and after the 
chase (O- - -O) (see Methods). Each point is the average of two 
determinations. 
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Fic. 4. Effect of a second 178-estradiol treatment after 3 hr 
on IP synthesis at 4 hr. Three groups of rats were injected with 
5 ug of 178-estradiol per rat (controls received saline). One group 
each was killed at 2 hr (A) and at 4 hr (B) after treatment. The 
third received an additional injection (5 ug per rat) or 178-estra- 
diol 1 hr before death at 4 hr (C). Uterine protein labeling, tissue 
processing, and IP measurement were as outlined in Fig. 1 and 
Methods. *H/'C ratios from one experiment are shown. 


synthesis would be placed at the transcriptional level, with 
IP-RNA accumulation resulting from an increase in its rate of 
synthesis. According to the latter hypothesis, the nuclear- 
bound hormone would inhibit the production of a repressor 
that inactivates IP RNA. The RNA for the repressor protein 
would have a shorter half-life than IP RNA. Experimental 
data accumulated thus far, and our results as well, support this 
second mechanism. More recent data are pertinent to these 
considerations. Actinomycin D given concomitantly with 
estrogen maintains IP synthesis at a basal level (6). The pres- 
ent study indicates that when the inhibitor is administered 
several hours after the hormone, both synthesis of the short- 
lived repressor message and IP RNA are blocked; because of 
the relative stability of the IP RNA, a superinduction effect 
occurs. Synthesis of IP continues at a higher rate than without 
actinomycin D present. Superinduction by actinomycin D 
would appear to be a general phenomenon, having been ob- 
served in such diverse systems as tyrosine aminotransferase 
induction by glucocorticoids (12), avidin induction by proges- 
terone (10), somatotropic hormone induction of gulonolactone 
hydroxylase (13), retinal pigment cell modulation (14), and 
substrate-inducible microsomal aryl hydroxylase (15). 

The rate of increase of IP-synthesizing capacity accumu- 
lated in vitro or in vivo falls off rapidly by 30 min after estrogen 
administration (7). A simple feedback mechanism by which 
newly synthesized IP would inhibit further accumulation 
during this step has been discounted, because IP synthesis does 
not begin until at least 45 min after the hormone is given. It 
may be that after estrogen treatment a lowered steady-state 
for IP-RNA repressor synthesis is reached, giving rise to the 
elevated IP-synthesizing capacity at 2 hr. Subsequent treat- 
ment with actinomycin D would result in the superinduction 
effect by further reducing the synthesis of the rapidly metabo- 
lized repressor message. Between 2 and 3 hr, in the absence of 
actinomycin D, repressor message steady-state would be 
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returned close to the preinduction level, resulting in increased 
repressor synthesis. Consequently, IP synthesis declines at 4 
hr to about one-third of the value observed at 2 hr. 

Some insight into the basis of the drop in IP-synthesizing 
capacity at 4 hr can be gained from the results in Fig. 4, in 
which an additional injection of hormone at 3 hr does not 
restore IP synthesis to the 2-hr value. The decrease in IP- 
synthesizing capacity has been consistently observed only in 
studies in which the hormone has been administered in vivo 
(2, 5, 6). It is not clear whether in vitro estrogen stimulation 
elicits accumulation of IP-synthesizing capacity that decreases 
with time (4). Estrogen is present during the e1.tire incubation 
before the isotope-uptake period{. Studies with tritiated 
estradiol, under either in vivo or in vitro conditions, appear to 
suggest a correlation between 176-estradiol binding to nuclei 
and IP-synthesizing capacity. During incubation of surviving 
uteri with hormone, nuclear binding of 17-estradiol reaches a 
peak at 1-2 hr, and remains at that level throughout an experi- 
ment (8-24 hr) (16, 17). After a single in vivo injection of the 
labeled hormone, radioactivity in the nuclear fraction falls off 
rapidly to a 4-hr level nearly half that at 2 hr. In addition, an 
understanding of the restoration of IP-synthesizing capacity 
should consider the state of the 8S cytoplasmic estrogen 
receptor during the decline. The estrogen-binding capacity of 
the cytoplasmic receptor decreases by only 50% after a single 
in vivo administration of 0.1 ug of 178-estradiol (16). In vitro 
hormone stimulation of surviving whole uteri results in a 2-hr 
cytoplasmic binding capacity of only 20%, which remains at 
this low level for as long as 24 hr. However, the inability of a 
second estrogen exposure at 3 hr to restore IP-synthesizing 
capacity to the 2-hr induced value might indicate that this 
early accumulation of IP-synthesizing capacity is a time- 
specific cyclic response of uterine cells to the nuclear-bound 
hormone. IP-synthesizing capacity may be entering a re- 
fractory period to estrogen stimulation, such as observed for 
mitotic activity in mice (18), after a short interval. A second 
injection of estrogen failed to stimulate stromal cell division 
in the mouse uterus to any greater extent for a period up to 
36 hr after the first treatment. 

Decline of IP synthesis 3-4 hr after the initiation of estrogen 
action appears to be due to inhibition of the capacity to syn- 
thesize IP, rather than to degradation of protein molecules 
formed either before or during this time period. The lack of 


t In one extensively studied system, the induced level of tyrosine 
amino-transferase in cultured rat hepatoma cells depended on 
the continuous presence of steroid inducer (12). 


Control of Uterine Protein Synthesis 


degradation is seen when IP labeled with radioactive leucine 
continues to be present, even when actinomycin D is excluded 
from the chase incubation. These data do not support a 
mechanism in which accumulation of a specific protein occurs 
due to inhibition of its breakdown (19). 

Finally, we reiterate that these studies based on use of 
inhibitors constitute indirect evidence for the involvement of 
mRNAs and repressor proteins. Direct proof can be gained 
only by isolating and measuring the specific IP and its cor- 
responding IP RNA. Recent isolation of messenger RNA 
regulated by a specifie steroid (20) indicates that such proof 
may be secured. 


This work was supported by Contract no. 69-2216 with the 
National Institutes of Health. 
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ABSTRACT Pactamycin does not inhibit the overall 
initiation factor- and GTP-dependent binding of [*S]Met- 
tRNA; to rabbit reticulocyte ribosomes but does prevent 
the formation of Met-puromycin, provided that the anti- 
biotic is present during the course of the binding reaction. 
These data indicate that pactamycin blocks the synthesis 
of a functional peptide-chain initiation complex. Sucrose 
density gradient centrifugation analysis of binding reac- 
tions shows that pactamycin causes the accumulation of 
an initiation complex on the smaller ribosomal subunit 
(smaller initiation complex), to which the 60S ribosomal 
subunit either cannot join or with which it forms a larger 
inactive 80S initiation complex that falls apart under the 
conditions used for isolation. The smaller initiation com- 
plex formed in the presence of pactamycin differs from the 
normal intermediate in peptide-chain initiation in being 
much more resistant to degradation by pancreatic RNase. 
In the presence of pactamycin, the inactive smaller com- 
plex can also form on mRNA to which an unaffected ribo- 
somal couple is already attached, forming an oligori- 
bosome lacking a larger ribosomal subunit or a **1.5 mer.”” 
These effects of pactamycin can be overcome to a con- 
siderable degree by elevation of the Mg** concentration. 





Low concentrations of the antibiotic pactamycin selectively 
inhibit the initiation of polypeptide synthesis in intact cells 
and ribosome-containing extracts of eukaryotes (1-3). Thus, 
we have shown that pactamycin binds to the smaller subunit 
of rabbit reticulocyte ribosomes and blocks the formation of 
new polypeptide chains, while allowing the completion of 
globin chains already started on polyribosomes (1, 2). In 
reticulocyte lysates, pactamycin permits the orderly decay of 
polyribosomes to single ribosomes, while blocking the forma- 
tion of new polyribosomal structures (2-4). Further, we have 
found that globin synthesis dependent on the addition of 
initiation factors to salt-washed ribosomes is sensitive to the 
antibiotic, whereas synthesis not requiring the starting of new 
polypeptide chains is resistant (5). 

Although pactamycin, as an inhibitor of polypeptide chain 
initiation, has already proved to be a useful tool in deter- 
mining the gene order of certain RNA viruses infecting animal 
cells (6-8), the precise mechanism by which the antibiotic 
interferes with initiation is not known. Several lines of evi- 
dence have suggested that the antibiotic produces an inactive 
initiation complex (2, 5, 9). In this paper we show that in the 
presence of pactamycin, the smaller initation complex (40S 
ribosomal subunit-mRNA-Met-tRNAgs) is formed at 2 mM 
Mg?*, but it is unable to join with the 60S ribosomal subunit 
to form a functional, stable larger initiation complex. At 
higher Mg?* concentrations, however, a functional larger 
initiation complex is formed despite the presence of pacta- 


mycin. The smaller initiation complex that accumulates with 
pactamycin at low Mg?* concentrations is more resistant to 
pancreatic RNase than is the smaller initiation complex that 
is a normal intermediate in polypeptide chain initiation. 


MATERIALS AND METHODS 


Preparation of 0.5 M KCl-washed reticulocyte ribosomes and 
KCl wash (crude initiation factors) was as described by Gil- 
bert and Anderson (10). Ribosomes were washed for only 10 
min. The ribosomal salt-wash was treated with DEAE-cellu- 
lose, dialyzed, concentrated by the method of Gupta et al. 
(11), and stored in liquid nitrogen in small aliquots. Rabbit 
liver tRNA (General Biochemicals) was charged with [*S]- 
methionine (160 Ci/mmol) (New England Nuclear) with 2. 
coli synthetase, which acylates only the formylatable species 
(12). 

Met-tRN A; Binding Assay and Met-Puromycin Synthesis. 
The endogenous mRNA-dependent binding of Met-tRNAy, 
was measured by Millipore filtration, essentially as described 
by Crystal and Anderson (13). For Met-puromycin synthesis, 
0.5 mM (neutralized) puromycin dihydrochloride was added 
after binding had taken place, and incubation was continued 
for the time indicated in the legends at 30°. The reaction was 
terminated by the addition of 1 ml of 0.1 M potassium phos- 
phate buffer (pH 8.0), and Met-puromycin was extracted 
with 3 ml of ethylacetate; 2 ml of the extract was counted in 
Bray’s solution (14). 

Sucrose Density Gradient Centrifugation of Met-tRNA,; 
Bound to Ribosomes Bearing Endogenous mRNA. The binding 
of Met-tRNA to ribosomes was analyzed on 15-30% linear 
sucrose gradients containing 100 mM KCl-2 mM MgCl.-1 
mM dithiothreitol-0.1 mM potassium cacodylate (pH 5.5) 
by the procedure of Crystal and Anderson (13), except that 
the Mg?* concentration in the incubation mixture and in the 
gradient was 2 mM. After centrifugation in a Beckman SW41 
rotor at 41,000 rpm at 2° for 3 hr, the tubes were pierced 
through the bottom and the samples were displaced from the 
top through a Beckman fraction recovery system. A Gilford 
spectrophotometer equipped with an 2-mm path flow cell 
from International Equipment was used to follow the ab- 
sorbance of the fractions at 260 nm, except in Fig. 2 where 
each fraction was measured in a Zeiss spectrophotometer. 

Pancreatic RNase (Worthington Biochemical Corp.) 
activity was assayed by measurement of the trichloroacetic 
acid-soluble nucleotides produced from ['*C]RNA (isolated 
from Erlich ascites tumor cells grown in the presence of ['4C]- 
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formate) after incubation at 37° for 10 min with 0.4 ug/ml of 
RNase. 


RESULTS 


The total binding of [*S]Met-tRNA; to reticulocyte ribo- 
somes bearing endogenous mRNA is not significantly affected 
by pactamycin or NaF, but is inhibited by aurintricarboxylic 
acid (Table 1). The synthesis of a functional initiation com- 
plex, as judged by its ability to form [*S]Met-puromycin, 
however, is impaired by both pactamycin and NaF, provided 
that these agents are present during complex formation. 
If it is added after most of the active complex has been formed, 
pactamycin is not able to interfere significantly with the puro- 
mycin reaction (Table 1 and Fig. 1). These results are in 
agreement with those found with wheat-embryo ribosomes and 
tobacco mosaic virus RNA as messenger (9). 

The formation of an active 80S initiation complex proceeds 
via a 40S ribosomal subunit-mRNA-Met-tRNAy; intermediate 
to which a 60S ribosomal subunit joins (15, 16). The overall 
process requires initiation factors and GTP. The analysis of 
binding reactions similar to those described in Table 1 by 
sucrose density gradient centrifugation shows that formation 
of the puromycin-reactive 80S initiation complex (Fig. 2A, 
and D) is prevented by pactamycin (Fig. 2B and £), and that 
this activity of the drug is associated with a pronounced in- 
crease in the amount of [*S]Met-tRNAy; bound to the smaller 
initiation complex, which sediments slightly further down the 
gradient (about 50S) than the 40S ribosomal subunit. On 
the other hand, if the addition of pactamycin is delayed until 
after most of the active 80S complex has been formed, there is 
only a slight inhibition of [*S]Met-puromycin formation (Fig. 
2C and F). It should be noted, however, that the small amount 


TABLE 1. Effect of pactamycin and other agents on 
Met-tRN A, binding to reticulocyte ribosomes and 
on Met-puromycin formation 





Met-puromycin 
[9S] Met-tRN Ay formation 


binding 


_. Met-puromycin, 
epm bound cpm 
Inhibitor (% inhibition ) (% inhibition ) 


None 7823 (—) 

Pactamycin (1 «M) —_ — 

Pactamycin (1 «M) —_ — 
at 7 min 

Pactamycin (2 4M) 7791 (0) 

Pactamycin (2 uM) —_ — 
at 7 min 

Pactamycin (10 uM) 

NaF (10 mM) 

ATA (0.2 mM) 





3433 (—) 
766 (78) 
2952 (14) 


665 (81) 
2495 (27) 


7190 (8) 267 (92) 
75 


5602 (28) 852 (75) 


2347 (70) _-_ — 





Binding incubations (7 min, 23°) in a total volume of 0.1 ml 
contained 20 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol, 0.5 
mM GTP, 100 mM KCl, 2 mM MgCh, 2.2Ac units of 0.5 M 
KCl-washed ribosomes, 0.17 Azo units of [*S]Met-tRNA 
(46,000 cpm), and 278 yg of ribosomal wash protein. For Met- 
puromycin synthesis, 0.5 mM puromycin was added to the bind- 
ing incubation at 7 min, and incubation was continued for 10 min 
at 30°. Pactamycin, NaF, and aurintricarboxylic acid (ATA) 
were present from the start of the reaction unless otherwise indi- 
cated. 
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Fic. 1. Inhibition of Met-puromycin synthesis by pactamycin 
added at different times. Binding incubations (15 min, 30°) 
similar to those described in the legend for Table 1 contained 2.4 
Ax units of ribosomes, 600 wg of ribosomal wash protein, and 
0.156 Ase units of [*S] Met-tRNA (70,000 cpm). Pactamycin (1 
uM) was added at the indicated times. At 15 min, 0.5 mM puro- 
mycin was added to all the tubes and incubation was continued 
for 8 min. In the absence of pactamycin, 3418 cpm was incor- 
porated into Met-puromycin. 


of [*S]Met-tRNA; bound to the 80S initiation complex in 
the presence of pactamycin (Fig. 2B) is poorly releasable by 
puromycin (Fig. 2£). Pactamycin does not in itself cause the 
80S complex to dissociate, since the pattern of binding found 
in Fig. 2C is identical to that in a reaction lacking pactamycin 
(not shown) that was stopped at the time the antibiotic was 
added in Fig. 2C. 

Although in the control incubation a small peak of [*S ]Met- 
tRNA, is found in an area on the gradient corresponding to 
the dimer region (Fig. 2A), in the presence of pactamycin the 
predominant fast-moving radioactive peak is neither in the 
monomer or the dimer region, but is between the two regions 
(about 95 S) (Fig. 2B). While the amount of this particle 
varies in different experiments for unexplained reasons, its 
location 3-4 fractions earlier on the gradient than the dimer 
region is highly reproducible. This material is aot produced 
when pactamycin is added late in the binding reaction (Fig. 
2C). Its position on the sucrose gradient suggests that it rep- 
resents a hybrid (“1.5 mer’) between a monosome (ribosome 
couple on a strand of mRNA) and a pactamycin-inactivated 
40S ribosomal subunit bearing [*S]Met-tRN A; located on the 
initiation site of the mRNA. Such ribosomal structures have 
been found under various conditions (15, 17), especially in 
the presence of NaF (17). Additional support for the notion 
that pactamycin produces initiation-inactivated 1.5 mers to 
which the 60S ribosomal subunit fails to join comes from 
experiments with puromycin or pancreatic RNase. The addi- 
tion of puromycin to the reaction after binding results in the 
disappearance of radioactivity (about 2500 cpm) from the 
putative 1.5 mer region of the gradient, and a comcomittant 
increase (about 2500 cpm) in the amount of radioactivity 
found in the smaller initiation complex (Fig. 2£). This result 
is the expected one, since puromycin should lead to the release 
of the uninvolved ribosomal couple from the mRNA, while 
the inactivated ribosomal subunit with its [*S]Met-tRNAy 
remains attached. By contrast, [*S]}methionine associated 
with ribosome monomers and dimers is released to the top 
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Fig. 2. Sucrose gradient centrifugation of [*S]Met-tRN A; 
bound to washed reticulocyte ribosomes, and the effect of pacta- 
mycin. Reaction mixtures (0.1 ml) containing 20 mM Tris-HCl 
(pH 7.5), 1 mM dithiothreitol, 1 mM GTP, 100 mM KCl, 2mM 
MgCl, 2.9 Aveo units of ribosomes, 400 ug of ribosomal wash pro- 
tein, and 0.39 Aso units of [*S]Met-tRNA (61,400 cpm) were 
incubated for 14 min at 30° in the presence or absence of pacta- 
mycin (1 ~M), and layered onto sucrose gradients. After cen- 
trifugation, the gradients were fractionated; the fractions were 
diluted to 1 ml with the gradient buffer before absorbance at 260 
nm was measured in a Zeiss spectrophotometer. Centrifugation 
was from left to right. (A) Control without pactamycin. (B) 
Pactamycin present from the beginning. (C) Pactamycin added 
at 7 min. (D, E, and F) 0.5 mM puromycin was added at 7 min 
to incubations identical to A, B, C, respectively. 


of the gradient as [*S]Met-puromycin (Fig. 2D and F). 
Furthermore, RNase treatment of binding reactions results 
in disappearance of the putative radioactive 1.5 mer, with 
little change or a small increase in the radioactivity associated 
with the 80S complex (Fig. 3). Because there is a large amount 
of radioactivity in the region of the smaller initiation complex 
in incubations containing pactamycin, compared with the 
small peak of the putative 1.5 mer, it has not been possible to 
consistently account for the counts lost in the putative 1.5 
mer region as appearing in the smaller complex region. There- 
fore, several attempts have been made to isolate the putative 
1.5 mer by centrifugation, and to treat it with RNase before 
further centrifugation on a sucrose gradient. Although we 
have been able to demonstrate the unequivocal formation of 
radioactive smaller initiation complexes by this procedure, 
the recoveries have been repeatedly low, on the order of 20- 
30%. On the other hand, treatment of labeled 80S complexes 
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with RNase does not decrease their radioactivity, and no 
labeled smaller initiation complexes are produced. 

We have obtained evidence that pactamycin alters the 
structure of the smaller initiation complex. Such structures are 
considerably more resistant to degradation by pancreatic 
RNase than are similarly sedimenting particles that form at 
early times in the absence of pactamycin (Fig. 3B and D). 
This protective action of pactamycin is not due to inhibition 
of RNase itself, as shown in experiments with ['*C]RNA de- 
rived from ascites tumor cells. 

The sensitivity of Met-puromycin formation to pactamycin 
depends on the concentration of Mg?* (Fig. 4). When the 
binding reaction takes place at higher Mg?* concentrations, 
the pactamycin effect is considerably decreased. Sucrose 
gradients (Fig. 5) confirm that formation of the functional 
80S initiation complex at 5mM Mg?* is inhibited to the same 
small extent as is the synthesis of Met-puromycin. If the Mg?* 
concentration is increased to 5 mM after binding in the pres- 
ence of pactamycin is over, there is a partial reversal of inhibi- 
tion of the puromycin reaction and formation of the 80S 
initiation complex. 
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Fic. 3. Effect of RNase treatment on [*S] Met-tRN A; bound 
at 4 min to reticulocyte ribosomes. Incubation mixture, in a 
total volume of 0.1 ml, contained 2.5 Aog units of ribosomes, 600 
ug of ribosomal wash protein, and 0.29 As units of [*S] Met- 
tRNA (63,000 cpm). Other conditions are similar to those in 
Fig. 2. The tubes were incubated for 4 min at 30° and chilled to 
0°; RNase (1 ug/ml) was added as indicated. After standing at 
0° for 15 min, the mixture (90 wl) was layered on the sucrose 
gradient. (A) Control. (B) Control after treatment with RNase. 
(C) Binding in the presence of pactamycin (2 uM) from the 
start of the incubation. (D) C after RNase treatment. 
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DISCUSSION 


These experiments provide additional support for the concept 
that pactamycin produces a nonfunctional initiation complex 
with reticulocyte ribosomes bearing endogenous mRNA (2, 
5). A similar conclusion has been reached from experiments 
with wheat embryo ribosomes and tobacco mosaic virus RNA 
as messenger (9). Our results on sucrose density gradients, 
however, differ from those reported by Seal and Marcus (9) 
and Weeks and Baxter (17) with wheat embryo ribosomes and 
viral mRNA. These workers report that pactamycin does not 
lead to the accumulation of the smaller ribosomal initiation 
complex. In the only sucrose gradient data actually presented 
from the wheat embryo system, the Mg?* concentration in the 
binding reaction was relatively high, 3.6 mM (17). It is not 
clear, however, whether the difference in results is due to 
differences in reaction conditions, or to basic differences 
between reticulocyte and wheat embryo ribosomes, mRNA, or 
initiation factors. The data from Fig. 2B and £ are compatible 
with the formation of an inactive 80S complex in the presence 
of pactamycin in the reticulocyte system but, in contrast to 
the results in the wheat embryo system, the altered larger 
initiation complex readily dissociates into its subunit com- 
ponents. 

It is clear that pactamycin, which binds only to the smaller 
ribosomal subunit (1), alters the structure of the smaller 
initiation complex in such a way that it is resistant to the 
action of pancreatic RNase. Whether antibiotic bound to the 
40S ribosomal subunit induces a structural change in the com- 
plex that affords greater protection to the attached mRNA or 
tRNA is not known. Furthermore, it is of interest that the 
smaller initiation complex, which is a normal intermediate in 
peptide-chain initiation, is sensitive to mild RNase treatment, 
whereas the larger initiation complex, like the pactamycin- 
modified smaller initiation complex, is resistant (Fig. 3). This 
finding raises the possibility that the protective phenomena 
due to the attachment of the 60S ribosomal subunit or to the 
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Fic. 4. Effect of magnesium concentration on pactamycin 
inhibition of Met-puromycin synthesis. The reaction conditions 
are similar to those described in the legend for Fig. 1, except that 
the concentration of the initiation factors was 400 wg and puro- 
mycin (0.5 mM) and pactamycin (1 4M) were present from the 
start of the reaction. O, Control; @, with pactamycin; A, % 
inhibition by pactamycin. 
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Fic. 5. Effect of pactamycin on puromycin-sensitive initia- 
tion complex formation at 5 mM magnesium. Incubation condi- 
tions and centrifugation analysis were the same as in Fig. 2, except 
that 0.29 Arg units of [*S] Met-tRNA (63,000 cpm) was used. (A ) 
Control. (B) Pactamycin (1 «4M). (C) Puromycin (0.5 mM) added 
to control at 7 min. (D) Puromycin (0.5 mM) added to B at 7 


min. 


binding of the antibiotic have a common structural basis, an 
induced change in the conformation of the smaller initiation 
complex. 

The lack of puromycin-reactivity of ribosome-bound Met- 
tRNA; found at 2 mM Mg?* in the presence of pactamycin 
in the system used in this paper can be accounted for by the 
accumulation of smaller initiation complexes (either free or 
as oligoribosomes). What, if any, relation these phenomena 
have to the inhibition of peptide chain initiation found in 
more complex systems such as reticulocytes and their lysates 
remains to be elucidated. The specificity of pactamycin 
for initiation may rest rather on the fact that the antibiotic 
binds to free 40S ribosomal subunits or run-off ribosomes, but 
not to ribosomes (in polysomes) already engaged in chain 
elongation (1). In this way the step in the protein synthesis 
sequence blocked by pactamycin need not be one peculiar to 
initiation but may be one involved in elongation, such as 
translocation or acceptor site binding. Thus, only the last 
ribosome to join a polysome structure would be unable to 
move down the mRNA. Such an effect would be viewed 


grossly (as measured by polysome degradation and globin 


chain completion) as one on “‘initiation,’”’ even though it is 
actually “elongation” that is being affected. We are study- 
ing the effect of pactamycin on the formation of the initial 
di- and tripeptides of globin in an effort to settle these points. 

This work was supported by grants GM 12573 and Ca 10736 
from the National Institutes of Health, United States Public 
Health Service. 
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ABSTRACT Lymphotoxin is secreted by human lym- 
phocytes stimulated with phytohemagglutinin in vitro. 
Combinations of DEAE-cellulose and Sephadex chromatog- 
raphy, acrylamide gel electrophoresis, and isoelectric fo- 
cusing were used to purify lymphotoxin 2000- to 4000-fold; 
15-25% of the activity has been recovered. Lymphotoxin 
appears to be a weakly charged molecule(s) of molecular 
weight about 90,000-100,000 that migrates in Pevikon block 
electrophoresis as a 8- or a: globulin. It is a discrete mole- 
cule(s), because it is completely separable from medium 
serum proteins and carrier and phytohemagglutinin 
proteins. Isoelectric-focusing studies indicate that there 
may be a limited heterogeneity among lymphotoxin 
molecules. 





Lymphoid cells are central effectors in such important im- 
munologic reactions as graft rejection (1), tumor immunity 
(2), and delayed hypersensitivity (3). All of these reactions 
appear to share at least two common steps: (a) a recognition 
step, which requires the interaction of the foreign tissue or 
graft cell with hypothetical lymphocyte-membrane receptor 
sites (4, 5) and (6) an effector step, which involves active cel- 
lular metabolism and biosynthesis (5). These events lead, by 
some unknown mechanism, to the destruction of the foreign 
cell. 

Lymphoid cells from experimental animals and man can be 
activated in vitro specifically with antigens (6), or nonspecifi- 
cally with mitogens, e.g. phytohemagglutinin (PHA) (7), to 
release various soluble molecules into the cell culture medium. 
These soluble molecules have been proposed to be effector 
substaaces associated with cellular immunity (6, 7). The 
treatments and agents that trigger the release of these factors 
are very broad and unrelated, yet they all induce similar 
changes in lymphocytes, namely, activation of RNA and 
protein synthesis and morphologic changes associated with 
transformation (8). One of these factors is a cell toxin termed 
lymphotoxin (LT). A few of the physical properties of a cell 
toxin released by normal human lymphocytes stimulated with 
PHA in vitro were reported (9). The toxin appeared to be a 
protein of molecular weight about 80,000 (9). This is a brief 
description of the methods for purification and some physical 
properties of LT released by human lymphocytes stimulated 
with PHA in vitro. 


MATERIALS AND METHODS 


Production of Human Lymphotoxin and Control Media. 
The details of these methods have been published (10). Cells 
were maintained in medium RPMI 1640 (from GIBCO), 


Abbreviations: LT, lymphotoxin; PHA, phytohemagglutinin. 


containing 0.1% bovine-serum albumin, at a density of 5 X 
10° cells per ml, in 32-oz prescription bottles, 200 m1 per bottle, 
then 20 ug of PHA-P (Difco, Detroit, Mich., Lot no. 561822) 
per ml was added. After 5 days, the medium was collected, 
pooled, then cleared of cells and debris by centrifugation. 
Controls consisted of either lymphocytes cultured under iden- 
tical conditions without the addition of PHA, or heat-killed 
lymphocytes (56° for 30 min) with 20 ug of PHA added at the 
time the cultures were established. After collection, the 
medium was concentrated twentyfold by ultrafiltration. 


DEAE-Cellulose Column Chromatography. Previously washed 
Whatman DE-11 resin was poured into a 3.4 X 60-cm column 
and pressure packed (10 lb/in*) to a bed height of 30 em. The 
columns were equilibrated with 10 mM Tris-HCl}, (pH 8.0) 
25 mM NaCl-0.1 mM EDTA buffer (low salt buffer). 
100 ml (2 grams of protein) of concentrated toxic or control 
medium, previously dialyzed against low salt buffer and 
clarified by centrifugation, was applied to the column. Pro- 
teins were eluted from the column in a linear salt gradient 
from 25 mM to 350 mM NaCl in 10 mM Tris: HC! (pH 8.0) 
0.1 mM EDTA buffer. 12-ml Fractions were collected, and 
the conductivity and absorbance at 280 nm of every fraction 
was measured. 


Sephadex Chromatography. A 2.5 X 120-cm siliclad-coated 
column (Chromatronix, Berkeley, Calif.) was packed with 
Sephadex G-100 or G-150 to a bed height of 100 em. Each 
column was pretested with molecular weight markers (blue 
dextran; molecular weight 2 X 10*®), human IgG (150,000), 
bovine-serum albumin (67,000), and hemoglobin (68,000). 
Cytotoxic and control fractions from DEAE-cellulose columns 
were then pooled, lyophilized, solubilized in 5 ml of sterile 
distilled water, applied to the column, and eluted with 10 mM 
Tris-HCl (pH 8.0)-150 mM NaCl-0.1 mM EDTA buffer. 
200-Drop (3.2-ml) fractions were collected, and their ab- 
sorbance was monitored at 280 nm. 


Density Gradient Centrifugation. Linear sucrose gradients 
(10-30%) were prepared in 5-ml cellulose nitrate tubes (11). 
Fractions from DEAE-cellulose columns (0.4 mg of protein) 
and 0.8 mg of bovine-serum albumin marker were layered on 
separate gradients and centrifuged at 35,000 rpm in a Beck- 
man L3-40 ultracentrifuge for 45 hr. Absorbance at 280 nm of 
each of the 0.9-m] fractions was determined. The sucrose was 
removed by dialysis of the fractions against 4 liters of 10 mM 
Tris-HCl (pH 7.0)-150 mM NaCl-0.1 mM EDTA (physio- 
logic dialysis buffer). 
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Fic. 1. Elution of LT from DEAE-cellulose with a linear 
NaCl gradient. Concentrated LT medium containing hemo- 
globin (Hb) and bovine-serum albumin (BSA) carriers was eluted 
from DEAE-cellulose columns as described in tert. The dotied 
line indicates the toxic activity of each fraction, the double 
slashed line represents the conductivity of each fraction, and the 
single slashed line is absorbance at 280 nm. 


Pevikon Block Electrophoresis. Zone electrophoresis was 
performed as described by Miiller-Eberhard and Osterlund 
(12). 60 mg or 3 ml of 20-times concentrated crude LT or 
control medium was loaded 5 inches from the cathode on a 
5 X 17 X '/sinch Pevikon block. Electrophoresis was per- 
formed at 4° in barbitol buffer (pH 8.6) for about 20 hr at 400 
V and 60 mA until the bromphenol blue marker had migrated 
15 inches from the origin. The block was then cut into 0.5- 
inch strips, and the sample was eluted with 0.15 M NaCl 
solution. The absorbance of each fraction was measured at 
280 nm and, in addition, the amount of protein in each fraction 
was determined by the Folin-Lowry method (13). Fractions 
containing each peak were dialyzed against low salt buffer, 
pooled, lyophilized, and reconstituted in distilled water. Then, 
each sample was subjected to immunoelectrophoresis (14). 


Preparative Polyacrylamide Disc Electrophoresis. Test and 
control DEAE-cellulose fractions were subjected to prepara- 
tive polyacrylamide gel electrophoresis in our modification 
of the apparatus designed by Furlong et al. (15). A 6-cm layer 
of 7% polyacrylamide was first allowed to gel in a 1.5 X 12- 
em glass column. Then, a l-cm stacking gel was polymerized 
on top. A glass column of 1.5 X 2 cm was completely filled 
with a solution of 7% acrylamide. After polymerization, one 
end was covered with a piece of dialysis tubing. The short and 
long units were then joined together with a sleeve containing 
two elution ports, one on each side. 15 mg of LT containing 
the DEAE-cellulose fraction in 30% glycerol was added to the 
top of the column and covered with buffer. Electrophoresis 
was performed at 4° with a constant current of 7 mA in gly- 
cine buffer (pH 9), and fractions were eluted at a constant 
flow rate of one drop every 11 sec. 0.5-ml Fractions were col- 
lected, and absorbance was determined at 280 nm. 


Isoelectric Focusing. These experiments were performed in 
1% ampholine (pH 3-10) (16). Control and cytotoxic frac- 
tions were electrofocussed for 48 hr. After equilibration, 50- 
drop fractions (0.8 ml) were collected in an ISCO fraction col- 
lector at a constant flow rate of 1 drop per sec. The absor- 
bance at 280 nm and pH of the fractions were measured, then 
fractions were dialyzed against 8 liters of physiologic dialysis 
buffer for 18 hr with four changes to remove the ampholine. 


Assay for Cytotoxicity. After test and control media had 
been subjected to the various physical separation techniques, 
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the residual buffers and salts were removed by dialysis against 
low salt buffer, physiologic dialysis buffer, or distilled water. 
Fractions dialyzed against hypotonic physiologic salt concen- 
trations were reconstituted to physiologic tissue culture condi- 
tions by addition of a concentrated additive (9), or were 
added at 1:10 or 1:20 dilution directly to complete cell cul- 
ture media. The medium was tested for cytotoxicity on cultures 
in tubes (17), or in microplates (18). Degree of cytotoxicity in 
microplates was determined by direct cell counts. In tubes, 
it was determined from the average of results of two different 
methods, a direct cell count made in a Coulter Counter, or the 
capacity of the remaining cells to incorporate [!*C Jaminoacids 
into cellular protein after 48 hr of exposure to the test or 
control medium. The amount of LT activity in a sample was 
determined by testing the effect of doubling dilutions of test 
and control media on target cells. One unit of LT activity was 
defined as the amount that destroyed 50% of the target cul- 
ture. 
RESULTS 

DEAE-cellulose column chromatography 
Studies with protein-free and protein-containing media re- 
vealed that addition of bovine-serum albumin carrier (0.1%) 
to the initial culture medium helped protect the LT during 
the initial harvesting, storage, and concentration steps. 

DEAE-cellulose is an ion-exchange resin that binds pro- 
teins with an overall negative charge. The proteins can then be 
differentially eluted from the column with an increasing gra- 
dient of cations. The location of LT activity after fractionation 
on DEAE-cellulose is shown in Fig. 1. LT activity eluted from 
the column with hemoglobin and before the bovine-serum 
albumin carrier. Fig. 1 is typical of over 30 separate column 
separations. When dilutions of the pooled LT-containing 
fractions were tested, 25-50% of the original activity was not 
recovered. A series of experiments in which all fractions eluted 
from the column were pooled and tested for activity revealed 
that this loss was irreversible. In later experiments, 20 mg of 
purified human hemoglobin was added to each sample to 
serve as a visible marker, because it was eluted with LT. 
Concentrated LT loaded on the column had from 1.5 to 2.5 
units of activity per mg of protein. Pooled, concentrated frac- 
tions eluted from the column had from 35 to 110 units of 
activity per mg. Analysis of the DEAE-cellulose samples by 
acrylamide gel electrophoresis and immunodiffusion revealed 
9-12 separate proteins. Control preparations had almost 
identical elution profiles, but little or no toxicity. 
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Fig. 2. Elution of LT activity from Sephadex. DEAE-cellu- 
lose and crude LT fractions were loaded and eluted from a 
Sephadex G-150 column. The dotted line indicates the toxic ac- 
tivity of each fraction and the dashed line indicates absorbance at 
280 nm of the protein markers. 
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Sephadex column chromatography 


Sephadex separates molecules according to their size, with the 
largest molecules eluting first. A typical Sephadex G-150 run 
containing LT with the marker proteins is shown in Fig. 2. 
The elution profile of LT from the columns was essentially the 
same, whether the original sample was crude medium or frac- 
tionated on DEAE-cellulose. This figure is representative of 
some 25-30 different column runs. LT activity eluted behind 
the IgG marker and in front of the bovine-serum albumin 
marker. When DEAE-cellulose fractions were applied to the 
column, LT fractions were collected with 320-1200 units of 
LT activity per mg of protein. Control runs had little or no 
toxicity. Recovery of LT activity was almost 100% in these 
columns. To see if LT was a small molecule, noncovalently 
linked to larger molecules, samples fractionated on DEAE- 
cellulose and crude samples were passed through the same 
columns in buffers containing various concentrations of NaCl, 
from 0.025 to 4.0 M. While there were various degrees of 
aggregation in 0.025 M and above 0.8 M NaCl, little or no 
aggregation occurred at 0.15 M NaCl. However, there was no 
major shift of the LT-elution pattern to regions containing 
smaller molecules during any of these studies. Analysis of the 
LT fractions on analytical polyacrylamide gels stained by 
Coomassie blue revealed several major and one minor protein 
bands. 


Velocity sedimentation studies 


Sedimentation of samples in sucrose gradients is a common 
method for obtaining an approximate value of the molecular 
weight of a macromolecule. DEAE-cellulose fractions were 
loaded on 5-ml linear 10-30% sucrose gradients. In each 
centrifuge run, one tube in the head contained a bovine-serum 
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Fic. 3. Sucrose gradient centrifugation. DEAE-cellulose 
fractions and a BSA marker were sedimented through 10-30% 
(W/V) sucrose gradients. Sedimentation is from right to left. 
(A) Illustrates linearity of the gradient. (B) The dotted line indi- 
cates the toxicity of each fraction and the dashed line indicates 
absorbance at 280 nm of BSA marker. 
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Fic. 4. Migration of LT activity in Pevikon block electro- 
phoresis. Concentrated crude LT medium and human serum 
markers were electrophoresed. Peaks of absorbance at 280 nm 
were identified by immunoelectrophoresis. Dotted lines indicate 
the toxic activity of each fraction. The dashed line indicates 
absorbance at 280 nm. 


albumin marker, and the other tubes contained the LT sam- 
ples. Typical results of these studies are shown in Fig. 3. 
It is clear that LT sediments just in front of the albumin 
marker. 


Block electrophoresis 


This is a method for separation or comparison of materials by 
observation of their migration in an electric field. The elec- 
trophoretic mobility of human LT was determined; the well- 
known migration pattern of human serum proteins was used as 
reference. 20-Times concentrated crude medium was used in 
both test and control separations. A typical result representa- 
tive of nine separate tests is shown in Fig. 4. Each of the 280- 
nm absorbance peaks were identified in agar-slide immuno- 
electrophoresis, with rabbit antiserum directed against specific 
human serum proteins. LT activity migrated as a broad band, 
which localized in the region of the 8- and a: globulins. Al- 
though the total protein recovery was good, there was only a 
25-50% recovery of LT activity. Moreover, when all fractions 
were pooled, concentrated, and tested, original activity was 
not regained. 


Preparative polyacrylamide gel electrophoresis 


This is a technique that simultaneously separates materials by 
charge and size. To further purify LT, DEAE-cellulose frac- 
tionated samples were separated on polyacrylamide gel col- 
umns. A typical result of one of these separations, containing 
phenol red, bovine-serum albumin and hemoglobin markers, is 
shown in Fig. 5. LT eluted behind, and was separable from, 
the hemoglobin marker. This is representative of 10 separate 
experiments. Recovery of LT ranges from 25-60%. In the 
most recent experiments, reduced glutathione (100 mM) was 
added; it improved recovery of LT activity by 15-25%. 
When DEAE-cellulose fractions containing LT were sepa- 
rated on the preparative column, they were found to contain 
very low concentrations of protein. Because of this, specific LT 
activity per mg of protein is difficult to calculate. However, it 
ranges from about 2000-4000 units/mg. Analytical polyacryl- 
amide gels of concentrated LT fractions stained with Coomas- 
sie blue revealed one minor protein band in the area of LT 
activity in one of four experiments. However, these samples 
contain so little protein that we usually are unable to detect 
any bands. 
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Fig. 5. Migration of LT in preparative polyacrylamide gel 
electrophoresis. DEAE-cellulose fractions were separated on 
1.4 X 6-cm polyacrylamide gel columns. Dotted lines indicate 
toxic activity of each fraction; the slashed line indicates absor- 
bance at 280 nm. Phenol red and BSA were added to this par- 
ticular run to provide markers. 


Isoelectric focusing 


Samples are electrophoresed in a sucrose and pH gradient 
until they reach their isoelectric point, when they cease to 
migrate. Resolution of closely related proteins is possible by 
this highly sensitive technique. Crude LT, DEAE-cellulose 
fractions, and samples that had been run through DEAE- 
cellulose and Sephadex G-150 columns were separated by 
isoelectric focusing. In all cases, LT activity was localized in 
the pH range between 6.8 and 8.0 in a pH gradient of 3-10. 
Control samples had little or no toxic activity. Final analyses 
of these fractions are, however, not yet completed. 


DISCUSSION 


We used two protein carriers, bovine-serum albumin, which 
stabilized human LT during the collection, storage, and con- 
centration steps, and human hemoglobin, which served as a 
carrier and visible marker for LT through DEAE-cellulose 
and Sephadex. 

Human LT is a macromolecule that has a molecular weight 
of about 85-100 X 10° or 3.2-4 S, as evidence by molecular 
sieving on Sephadex G-150 and velocity sedimentation through 
10-30% sucrose gradients. The present studies suggest that it 
is not a small molecular complexed to a larger molecule by 
noncovalent bonds. Human LT is not a highly charged mole- 
cule, as evidenced by its early elution from DEAE-cellulose 
and slow migration rate in Pevikon and acrylamide gel elec- 
trophoresis. 

Human LT is either a single molecule or several very closely 
related materials. We were unable to separate LT activity into 
multiple components. Also, the loss of activity seen in the 
various separations was attributed to inactivation, because it 
could not be recovered. However, there may be some hetero- 
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geneity among molecules with LT activity, because elution 
patterns were sometimes broad. This is supported by the 
broad spread of LT activity (pH 6.8-8.0) observed in isoelec- 
tric focusing experiments. Human LT is clearly separable 
from all carriers, serum proteins, and medium factors. With 
the combinations of DEAE-cellulose, Sephadex, and, finally, 
either the acrylamide gel electrophoresis or isoelectric focusing, 
degrees of purification in excess of 2000- to 4000-fold have 
been achieved, with 15-25% recovery of the original activity. 

The role of factors released by lymphocytes in cell-mediated 
immune reactions tn vivo and in vitro is still unclear. Purifica- 
tion and characterization of LT will greatly facilitate our abil- 
ity to (a) determine the relationship of LT to the other lym- 
phocyte effector molecules and (6) prepare specific blocking 
agents to provide the means whereby we can begin to eluci- 
date the actual role assignable to this factor in cell-mediated 
reactions. 
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ABSTRACT Mutant N4316 is conditionally lethal at 
43°. At 36° it suppresses the termination codons UGA and 
UAA, but not the UAG codon or a missense mutant of T4 
bacteriophage. In vitro, a factor rescues protein synthesis 
from a temperature-dependent arrest when N4314 extracts 
are used with RNA from bacteriophage f2. Anal,ses of the 
substrate in the arrested synthesis and of the product of 
the rescue reaction indicate that the factor works at the 
level of coat protein termination, and that it also affects 
the synthesis of noncoat protein products. The rescue fac- 
tor is different from the release factors RF-1, RF-2, and 
RF-3. Model systems previously used to study release fail 
to score for at least one vital function in protein chain 
termination. 





One of the principal assumptions about translation of the 
genetic code is that triplets are read in phase, one at a time, 
and that the response of the translation machinery to each 
codon is not affected by the neighboring triplets (1). Although 
this process may indeed be inevitable in protein chain elonga- 
tion, recent data suggest that the proper recognition of AUG 
and GUG as initiator codons may depend on the sequence of 
the nucleotides surrounding them (2). In protein chain termi- 
nation, similar considerations may be applicable. For example, 
there is evidence that suppression of nonsense codons may be 
drastically affected by the composition of the nucleotides 
adjacent to the termination triplets (3). This evidence invites 
speculation that the signal for termination of proteins that 
occurs in the intercistronic stretches (2, 4), and closely pre- 
cedes initiation signals, may also be influenced by adjacent 
bases. In fact, the close proximity of the two markers may 
imply a coupling of the two biochemical events. 

One of the in vitro experiments described here with a mutant 
(N4316) (5-7), reported to be temperature sensitive in poly- 
peptide chain termination, suggests that under nonpermissive 
conditions when termination of f2 coat protein is impaired the 
reading of other cistrons may also be affected. 

The in vitro defect in coat protein release is reversed by a 
factor isolated from the parental strain. This factor unlike 
RF-1, RF-2, and RF-3, is not required in the model in vitro 
termination assays that respond to the simple addition of 
the single nonsense codons UAA, UAG, or UGA (8). This 





Abbreviations: sus;RNA, mutant of bacteriophage f2 with an 
amber codon at the 7th amino acid in its coat protein; su; 
tRNA, suppressor tyrosine-accepting tRNA. 
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C. H. Best Institute, University of Toronto, Toronto 101, On- 
tario, Canada. 


protein also appears to be unrelated to the factors IF-1, IF-2, 
and IF-3 that are needed for proper initiation of the coat pro- 
tein cistron in vitro (9). 

RESULTS AND DISCUSSION 

Certain Properties of the N4316 Mutation. The isolation 
and several properties of strain N4316 have been described 
(5-7). The parental strain of N4316 is Z. coli strain Dip Met~ 
Thy~ RNasez~ (10, 11). The mutant, N4316, belongs to a 
class designated sts (starvation temperature sensitive) that is 
conditionally lethal at 43° (10). At 36°, strain N4316 sup- 
presses UAA and UGA codons, but not UAG or a missense 
mutant of T4 bacteriophage (5). These two properties, 
thermolethality and suppression of nonsense codons, trans- 
duce together and revert to the parental phenotype together, 
suggesting that a single mutation is responsible for both 
effects (5). 

In vitro, N4316 extracts programmed with f2 or R17 RNA 
are impaired in protein synthesis at nonpermissive tempera- 
tures (5-7). The extent of impairment is 2- to 3-fold com- 
pared to synthesis at permissive temperatures with N4316, or 
parental (Do) extracts at either temperature. The defect 
in protein synthesis is not due to a mutation in any of the 20 
aminoacid activating enzymes (6). When programmed with 
poly(U), (A), (AU, 3:1), (UG, 5:1), or (UC, 1:1), synthesis 
is the same at the higher or lower temperatures (ref. 7 and un- 
published data). Furthermore, the formation of the initia- 
tion complex of R17 with fMet-tRNA is not affected (6). 

Peptides accumulate on 70S ribosomes at nonpermissive 
temperatures (5, 6). This result, and the temperature- 
dependent suppression of nonsense codons in vivo, suggested 
that the strain might be defective in protein chain termination. 

Table 1 shows our attempt to detect temperature sensitivity 
with N-acetylmethionine release as a model system (8). 
This assay responds to the release factor RF-1 with UAA or 
UAG, or to RF-2 when UAA or UGA are included (8). Treat- 
ment of parental or mutant extracts at 43° reduced synthesis 
with phage f2 RNA irreversibly, but it did not affect the non- 
sense codon-dependent release of N-acetylmethionine stimu- 
lated by UAA, UAG, or UGA. 

Since release of N-acetylmethionine is stable to heat, 
another termination assay was tried, namely, the release of 
polypeptides from ribosomal-bound polypeptidyl-tRNA. Fig 
1 shows that the percent free peptides released with poly(A;U), 
a message that contains a high frequency of UAA codons (12, 
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Fic. 1. Free polypeptides synthesized by N4316 ribosomes 
and soluble proteins. Analysis of total and free peptides was as 
described (12, 13) except that incubations (0.155 ml) containing 
150 ug of ribosomes and 6.3 ywg of soluble protein were heated for 
5 min at 43° (where indicated). The reaction was run at 35° for 
15 min. Counts incorporated without added polynucleotides (less 
than 10% of the incorporation) were subtracted from each value. 
With parental extracts, the incorporation with poly(A) or poly- 
(AU) was slightly higher after 43° treatment, but the percent re- 
lease was identical at all temperatures. 


13), is normal in a thermally inactivated extract of N4316. 
We conclude that the mutation does not affect any of the 
soluble or ribosomal factors needed in release that are scored 
by this assay (14). In addition, all other attempts to show 
thermolability of release in these assays by variation of reac- 
tion conditions failed. Taken together, these results 
suggested that the defect with f2 RNA observed in vitro is 
not scored by the model systems commonly used to study 
release. 


TABLE 1. 





N-acetyl-(*H] methionine 


Prior released, pmol 


treatment 
Extract at 43° UAA UAG UGA 








Dio 1.27 0.19 

Dio 1.02 0.19 2.15 
N4316 1.10 0.16 .37 
N4316 0.98 0.19 2.20 





Trinucleotide-dependent release was assayed as described by 
Caskey et al. (28), except that N-acetylmethionyl-tRNA was 
used (18) instead of N-formylmethionyl-tRNA. Reactions (45 ul) 
contained 2.6 pmol of N-acetyl-[?H]methionyl-tRNA;“et-AUG 
ribosome complex, 5 nmol of UAG, UAA, or UGA, and 5 ul of 
crude extract from N4316 or Dio. Since this assay cannot be per- 
formed at 43° (25), portions of each extract were heated for 5 min 
at 43° before assay at 24°. Reactions containing UAA or UAG 
were incubated for 15 min, those containing UGA for 60 min. 
Counts released without added triplets (0.15 pmol for 15 min and 
about 0.3 pmol for 60 min) were subtracted. Values are the 
average of triplicates, which were within 10% of each other. Puri- 
fication of the extracts did not elevate the activity of RF-1. Un- 
heated parental extracts incorporated 85,000 cpm of [*H]lysine 
(see Fig. 2 for description of assay) in response to f2 RNA, and 
75,000 cpm after heat treatment. Mutant extracts incorporated 
78,000 cpm before heat treatment and 39,000 cpm of [*H]lysine 
after heat treatment. After they were heated at 43°, extracts were 
exposed to 24° for 60 min without change in the incorporation 
values. 
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Analysis of Products Synthesized under Nonpermissive 
Conditions. We have analyzed the products of synthesis 
after separation of peptidyl-tRNA from free protein by means 
of sucrose density gradients containing dodecy] sulfate (13). 
The separated peptidyl-tRNA and free peptides were con- 
centrated by ethanol precipitation, and were further analyzed 
by electrophoresis in polyacrylamide gels containing Na do- 
decyl] sulfate. 

Fig. 2 shows the separation in sucrose gradients of peptidyl- 
tRNA (peak I) and free protein (peak II) made at nonpermis- 
sive temperatures with either strain Dy or strain N4316. 
90% of the total peptides made by the parental extract were 
released at 47°, whereas the mutant always released signifi- 
cantly less of the protein it synthesized, e.g., 70% in the 
experiment of Fig. 2 and as much as 50% in other experi- 


| 
4 


% TOTAL PHILYSINE CPM 





20. 24 «28 
FRACTION NUMBER 


Fic. 2. Dodecyl sulfate-sucrose density gradient centrifuga- 
tion of f£2 RNA products made with N4316 or Dy extracts at 47°. 
Cells were grown at 33° to a density of 5 X 108 viable cells per ml. 
Thermostable revertants were routinely less than 0.1%. Before 
analysis, cell extracts were prepared (26) and assayed for incor- 
poration of amino acids into protein (18) at several temperatures; 
the temperature at which maximum relative inactivation of 
N4316 extracts occurred varied and had to be determined for 
each new pair of mutant and wild-type extracts made. Routinely, 
Dy extracts lost less than 10% activity at the higher tempera- 
tures (here, 47°). The standard assay (60 ul) contained: 10 ul of 
incubated S-30 extract, 10 mM MgCh, 30 mM NH,Cl, 30 mM 
Tris-HCl (pH 7.4), 5.3 mM P-enolpyruvate, 3.3 mM ATP, 0.4 
mM GTP, 8 mM dithiothreitol, 2.5 »Ci [*H]lysine, 0.1 mM 
(each) of a mixture of 19 [?*C] aminoacids lacking lysine, 7.5 ug of 
calcium leucovorin, 5 ug of pyruvate kinase, and 10 yg of f2 
RNA. Extracts of Dj and N4316 were incubated for 10 min at 
the permissive or nonpermissive temperatures. f2 RNA was 
added, and incubation was continued for 15 min at 47°. The first 
incubation destroyed completely the activity of a partially puri- 
fied rescue factor (see below) isolated from N4316. An aliquot (60 
ul) of the incubation mixture was layered on a sucrose gradient 
(5-12% sucrose, 3 ml total volume) containing 0.5% dodecyl 
sulfate and 0.1 M LiCl (13). Sedimentation was at 12° for 17 hr 
at 40,000 rpm in an SW56 Beckman rotor. Fractions were col- 
lected, precipitated with 15% Cl;CCOOH, heated for 15 min at 
90°, and filtered on Millipore filters (18, 26). Recoveries of radio- 
activity from the gradients were 12,000 cpm (D1 reaction) or 6800 
cpm (N4316 reaction); 80-90% recovery of the total acid-insolu- 
ble counts analyzed. Parallel gradients of reaction mixtures with- 
out f2 RNA did not contain significant radioactivity in the region 
of peak I, but 2900 cpm or 3200 cpm were recovered in peak II 
when Dy or N4316 were analyzed. These counts were subtracted 
from the experimental values. 
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ments. The smaller extent of release observed with the 
mutant must be related to the temperature lesion, since less 
than 5% of the products synthesized at permissive tempera- 
tures were found attached to tRNA with extracts of either 
Dy or N4316. 

Electrophoretic analysis of the free peptides made at non- 
permissive ternperatures with Dy or N4316 are shown in Fig. 
3a-c. The major product released at 47° with Dy or N4316 
corresponds in size to coat protein. The conclusion that the 
major peak observed in Fig. 3a-c is coat protein rests on the 
position of this product on polyacrylamide gels. In addition, 
we show in Fig. 3c that this major product is eliminated when 
synthesis is programmed by an amber mutant (sus;RNA) (15) 
that cannot make coat protein. Under conditions shown to 
eliminate polarity effects of this mutation in vitro (16), addi- 
tion of a purified suppressor tRNA (17, 18) restores synthesis 
of this major product. 

The lack of extensive release of noncoat products (Fig. 
3d-f) occurred at permissive temperatures with both Dj» and 
N4316, indicating that this effect is unrelated to the mutation. 

Since no qualitative differences could be observed in the 
peptides released by N4316 and Dy, we examined the size 
distribution of the nascent peptides made by both strains. 
Fig. 3d and e show electropherograms of the nascent peptides 
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Fic. 3. Released peptides (a-c) or nascent peptides (d-f) 
synthesized with Dio (a,d) and N4316 (6, c, e, and f) at 47°. 
Incorporation of labeled lysine (3 X 10* Ci/mol) was described in 
Fig. 2. Conditions for suppression of coat protein and purification 
of su; tRNA were described (18). Incubations (0.10 ml) were 
layered and centrifuged on sucrose containing dodecyl sulfate 
and LiCl (see Fig. 2). After addition of carrier S-100 and two 
volumes of ethanol, fractions I and II were concentrated by 
centrifugation. The pellets were suspended in 0.01 M Tris-HCl 
(pH 7.4) and were treated with 10 ug of RNase at 35° for 10 min. 
Each sample was made 1% in dodecyl] SO,, 50% in glycerol and 
0.1 M in 2-mercaptoethanol. Polyacrylamide gel electrophoresis 
was for 3.5 hr at 8 V/cm, and 4 A per gel (27). Fractions were 
cut, digested, and counted for 50 min (18). Recovery of added 
radioactivity was 80-100%. Each gel contained, as markers, f2 
coat and maturation proteins (26). Peptides of small size are not 
seen because they are soluble in ethanol. 
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Fic. 4. Nascent peptides containing [*H]histidine (4 x 10* 
Ci/mol) made with Dy extracts at 46° (A) or at 35° (C) or with 
N4316 extracts at 46° (B) or at 35° (D). Conditions of synthesis 
and analysis of products as in Figs. 2 and 3. The position of the 
coat (C) and maturation proteins (M) are indicated by the 
arrows. 


made by Dy or N4316 at 47°. N4316 makes only one major 
product attached to tRNA; it corresponds in molecular 
weight to coat protein. In contrast, Diy makes nascent pep- 
tides larger than coat protein, as well as some peptides that 
correspond in size to the coat. The major product made by 
N4316 is eliminated when synthesis is programmed by sus;- 
RNA (Fig. 3f). Addition of a purified suppressor tRNA also 
restores synthesis of this major product. The data in Fig. 
3d-f show that release of coat protein is affected in the mutant 
strain. Furthermore, at permissive temperatures, both Dyo 
and the mutant made and released the same amount and type 
of peptides. At nonpermissive temperatures, however, syn- 
thesis by N4316 is lowered, more nascent coat protein mole- 
cules accumulate on ribosomes, and fewer larger nascent 
peptides are observed. 

To gain some insight into the nature of the nascent peptides 
that were larger than the coat, the products were labeled with 
histidine, an amino acid that does not occur in the coat protein 
(19). Fig. 4 shows analyses of nascent peptides labeled with 
histidin At permissive temperatures, the bulk of thee. 
histidine-containing nascent peptides in both Dy and N4316 
are larger than the coat protein. A striking lack of synthesis 
of histidine-labeled larger noncoat products occurs only in 
N4316, and not in the parental strain; this lack may be due to 
faulty initiation of other cistrons. 

At nonpermissive temperatures, both Dy and the mutant 
make more peptides that are slightly smaller than coat protein. 
These peptides do not appear to be precursors of the larger 
products, because their mobility was unaltered in pulse-chase 
experiments of the sort reported in Fig. 5. 

Site of Action and Characteristics of the Rescue Factor. 
When thermally inactivated extracts are included at saturat- 
ing levels, addition of increasing amounts of similarly heated 


parental extracts increased the rate of protein synthesis by 
about 3-fold (data not shown). There is a similar dependence 
on the amount of parental ‘“‘rescue” factor added that can be 
used as an assay to purify the relevant factor [previously 
designated Z (6, 7)]. Our partially purified factor gives three 
bands on dodecyl sulfate—polyacrylamide electrophoresis 


(manuscript in preparation). 
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Fig. 5. Effect of factor on release of coat protein. Incorpora- 
tion of amino acids into protein was as described in Fig. 2 and 
refs. 18 and 26: crude ribosomes and soluble protein from heat- 
inactivated N4316 extracts were used. Incubation was for 5 min 
at 35°. Then 17 mM [!*C]lysine was added and incubation was 
continued for 10 min at 35°. Products were isolated on sucrose 
gradients (26), and the ribosome-free fraction was concentrated 
by addition of cold 5% Cl;CCOOH. The pellets were suspended in 
buffer, extracted with ether, and analyzed on dodecyl SO,—poly- 
acrylamide gels (see Fig. 3). The coat (C) and maturation protein 
(M) used as internal markers are shown. Reactions without f2 
RNA were also electrophoresed, and the small amounts of radio- 
activity observed in the regions of small peptides were sub- 
tracted from the above profiles. Complete system minus rescue 
factor (O——O); complete system, with 5 ul of partially purified 
rescue factor (®@——-@). The presence of small peptides in this 
experiment may be due to the fact that the products were con- 

centrated with Cl,;CCOOH €ather than ethanol. 


The component that reverses the N4316 lesion purifies as 
a protein; its activity can be destroyed by trypsin, 
elevated temperatures, or reagents that block sulfhydryl 
groups (6, 7), but treatment with pancreatic RNase is in- 
effective. The factor has a molecular weight of about 96,000, 
as determined by both sucrose density gradient analysis and 
chromatography on Sephadex columns. Thus, we clearly are 
not dealing with a temperature-sensitive suppressor tRNA of 
the sort reported by Smith et al. (20). 

The rescue factor is separable from the termination factors 
RF-1, RF-2, and RF-3 (8) by partition on DEAE-Sephadex 
and alumina ©,. In Table 2 we show that the rescue factor 
preparation does not contain any of the other known release 
factors. We also find (data not shown) that the rescue factor 
is free of the initiation proteins IF-1, IF-2, and IF-3. The 
factor that rescues synthesis, seemingly unlike the initiation 
factors, is found in ribosome-free cytoplasm. 

The assay for rescue of synthesis from the thermal defect of 
N4316 extracts by parental extracts is nonspecific, since it 
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only measures incorporation of amino acids into acid-in- 
soluble precipitates. We can obtain some idea regarding the 
mechanism of this rescue by examining the products of the 
rescue assay. Fig. 5 shows an analysis by dodecyl! sulfate- 
polyacrylamide gel electrophoresis of the peptides released 
from ribosomes before and after addition of rescue factor. 
In these experiments, synthesis with f2 RNA was performed 
for 5 min with thermally inactivated extracts of the mutant; 
then, further incorporation of amino acids into protein was 
blocked by addition of a 1000-fold excess of [!*C]lysine. 
After 30 sec, rescue factor was added and synthesis was 
allowed to continue for another 10 min. As shown in Fig. 5, 
some release of coat protein does occur without added rescue 
factor. Addition of the factor results in an about doubled 
release of coat protein free of tRNA, leading to the disappear- 
ance of ribosomal-bound coat protein tRNA (data not shown). 
The experiment strongly suggests that the rescue factor par- 
ticipates in release when a natural messenger RNA programs 
synthesis. If labeled histidine is added at the same time as 
the rescue factor, nascent peptides larger than coat protein 
(see Fig. 4A-D) are observed, supporting the notion that this 
protein affects the initiation of noncoat protein products. 

The Possible Role of the Rescue Factor. This factor rescues 
protein synthesis in vitro from a temperature-dependent 
arrest when N4316 extracts are used with f2 RNA as mes- 
senger. Analysis of the substrate in the arrested synthesis 
and of the products of the rescue reaction indicate that the 
factor works at the level of chain termination when a natural 
messenger RNA programs synthesis. This factor is different 
from the known termination proteins RF-1, RF-2, and RF-3 
that stimulate release in response to single nonsense codons. 

RF-1 and RF-2, which participate at least indirectly in 
recognition of single nonsense codons (21-23), are required 
for release of the coat protein and the replicase of R17 bac- 


TABLE 2. 





N-Acety]-[*H] methionine 
released, pmol 


Exp. 1 


Exp. 2 
Factor added A! UAG UGA UAA 





None oo 1.35 1.35 0.96 
RF-1 + RF-2 §.é 7.50 1.93 3.00 
Rescue .0! .88 1.15 1.02 
RF-1 + RF-2 + Rescue 3.6 86 2.05 2.24 
RF-1 + RF-2 + RF-3 —- —- 9.77 








Release of formyimethionine was assayed (28) with fraction 3 
(21) as a source of RF-1 and RF-2. In Exp. 1, reaction mixtures 
(45 yl) contained 22 pmol of [*H]acetylmethionyl-tRNA;“«- 
AUG-ribosome complex (18) and, where indicated, 6.3 nmol of 
UAG, 2.5 nmol of UAA, 4.0 nmol of UGA, 80 ug of RF-1 and 
RF-2 or 2 ug of rescue factor (fraction 5). Incubation was for 30 
min at 24°. In Exp. 2, reaction mixtures contained 2.5 nmol of 
UAA and, where indicated, 5 ul of an ammonium sulfate fraction 
of RF-3 (25) or 2 ug of rescue factor (fraction 5). The inhibition 
of release observed with rescue factor added to RF-1 and RF-2 
occurred also when a purified rescue factor from N4316 was 
thermally inactivated. Variation of triplet concentration, inclu- 
sion of 0.1 mM GTP, increase in rescue factor levels, or alteration 
of salt concentration did not alter the lack of effect of rescue 
factor in this assay; 0.1-2 wg of the rescue factor restored syn- 
thesis completely in the rescue assay. 
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teriophage (24). However, participation of the rescue protein 
in recognition of the normal signal for release is not excluded 
by these observations. 


Since we find that the mutation also affects the synthesis 


of noncoat products, we do not know whether the rescue 
protein affects termination directly or indirectly. The lack of 
synthesis of noncoat products could, for example, occur if 
arrested ribosomes, hearing coat-protein tRNA, prevented 
initiation of the contiguous cistron. By the same token, the 
impaired termination could result from a fault in the initia- 
tion of the replicase cistron. 


We acknowledge the MRC of Canada and NSF grant GB 
26315X1 to 8.P. for financial support. We thank Miss Anne Tirpak 
and Mrs. Nada Barraclough for technical help, and Dr. A. Becker 
for help in writing this manuscript. 


1. 


2. 
3. 


Crick, F. H. C., Barnett, L., Brenner, 8. & Watts—Tobin, 
J. R. (1961) Nature 192, 1227-1232. 

Steitz, J. A. (1969) Nature 224, 957-964. 

Salzer, W., Fluck, M. & Epstein, R. (1969) Cold Spring 
Harb. Symp. Quant. Biol. 34, 513-520. 

Nichols, J. L. (1970) Nature 225, 147-151. 

Phillips, S. L., Schlessinger, D. & Apirion, D. (1969) Cold 
Spring Harb. Symp. Quant. Biol. 34, 499-503. 

Phillips, S. L. (1971) J. Mol. Biol. 59, 461-472. 

Ganoza, C. & Phillips, 8. (1971) Fed. Proc. 30, 1382. 
Caskey, T., Scolnick, E., Tompkins, R., Goldstein, J. & Mil- 
man, G. (1969) Cold Spring Harb. Symp. Quant. Biol. 34, 
479-491. 

Wahba, A. J., Iwasaki, K., Miller, M. J., Sabol, S., Sillero, 
M. A. G. & Vasquez, C. (1969) Cold Spring Harb. Symp. 
Quant. Biol. 34, 291-299. 

Phillips, S. L., Schlessinger, D. & Apirion, D. (1969) Proc. 
Nat. Acad. Sci. USA 62, 772-777. 


Characterization of a Mutant in Protein Release 35 


Apirion, D., Phillips, 8. L. & Schlessinger, D. (1969) Cold 
Spring Harb. Symp. Quant. Biol. 34, 117-128 

Ganoza, M. C. & Nakamoto, T. (1966) Proc. Nat. Acad. 
Sci. USA, 55, 162-169. 

Bretscher, M. 8., Goodman, H. M., Menninger, J. R. & 
Smith, J. D. (1965) J. Mol. Biol. 14, 634-639. 

Ganoza, M. C. & Thach, R. (1969) Cold Spring Harb. Symp 
Quant. Biol. 34, 488-489. 

Englehardt, D. L., Webster, R. E., Wilhelm, R. C. & Zinder, 
N. D. (1965) Proc. Nat. Acad. Sci. USA 54, 1791-1797 
Capecchi, M. R. (1967) J. Mol. Biol. 30, 213-217 

Gefter, M. L. & Russell, R. L. (1969) J. Mol. Biol. 39, 
145-157. 

Ghosh, H. P., Ghosh, K. & Ganoza, M. C. (1972) J. Biol. 
Chem., 24, 5322-5326 

Weber, K. & Konigsberg, W. J. (1967) J. Biol. Chem. 242, 
3563-3578. 

Smith, J. D., Barnett, L., Brenner, 8S. & Russell, R. L. 
(1970) J. Mol. Biol. 54, 1-14. 

Ganoza, M. C. & Tompkins, J. K. (1970) Biochem. Biophys. 
Res. Commun. 40, 1455-1463 

Beaudet, A. L. & Caskey, C. T. (1970) Nature 227, 38-40. 
Scolnick, E. & Caskey, C. T. (1969) Proc. Nat. Acad. Sci 
USA 64, 1235-1241. 

Capecchi, M. & Klein, H. A. (1970) Nature 226, 1029-1033. 
Milman, G., Goldstein, J., Scolnick, E. & Caskey, T. (1969) 
Proc. Nat. Acad. Sci. USA 63, 183-190. 

Webster, R. E. & Zinder, N. D. (1969) .. Mol. Biol. 42, 
425-439. 

Weber, K. & Osborn, M. (1969) J. Biol. Chem. 244, 4406 
4412. 

Caskey, C. T., Tompkins, R., Scolnick, E., Caryk, T. & 
Nirenberg, M. (1968) Science 162, 135-138 

Salas, M., Hille, M. B., Last, J. A.. Wahba, A. J. & Ochoa, 
S. (1967) Proc. Nat. Acad. Sci. USA 57, 387-394 
Nirenberg, M. & Leder, P. (1964) Science 145, 1399-1407. 





Proc. Nat. Acad. Sci. USA 
Vol. 70, No. 1, pp. 36-40, January 1973 


Structural Characteristics of Some Murine RNA Tumor Viruses 


Studied by Lactoperoxidase Iodination 


(radiation leukemia virus/Moloney leukemia virus/mouse mammary tumor virus/gel electrophoresis) 


OWEN N. WITTE, IRVING L. WEISSMAN, AND HENRY 


. KAPLAN 


Departments of Pathology and Radiology, Stanford University School of Medicine, Stanford, California 94305 


Contributed by Henry S. Kaplan, October 15, 1972 


ABSTRACT lodination by the noninvasive enzymatic 
lactoperoxidase technique has been used to study the 
enzyme-accessible and enzyme-inaccessible proteins of 
three oncorna viruses (radiation leukemia virus, Moloney 
leukemia virus, and mouse mammary tumor virus). 

The number and relative molecular weight of proteins 
associated with virion preparations purified on sucrose 
gradients were characterized by scans of Coomassie blue- 
stained bands after dodecyl sulfate-polyacrylamide gel 
electrophoresis. Gel scans from the leukemia viruses are 
similar, each showing six distinct major protein bands on 
stained gels. The mammary tumor virus proteins by this 
analysis are not similar to those of the leukemia viruses. 

Enzymatic iodination of intact virion preparations led 
to the solitary labeling of one of the major proteins of each 
virus—the 80,000-dalton protein of the leukemia viruses 
and the 52,500-dalton protein of the mammary tumor 
virus. These are tentatively positioned as surface (enzyme- 
accessible) moieties in the virions. Disruption of each 
virus with a nonionic detergent before enzymatic iodina- 
tion led to the labeling of the remaining stainable bands. 
The four lower molecular weight bands of the leukemia 
viruses are tentatively positioned as internal (enzyme- 
inaccessible) components. 





The structural proteins of RNA oncogenic viruses of mice 
have been studied by various techniques, including gel 
filtration, isoelectric focusing, and polyacrylamide gel electro- 
phoresis (1-3). Major proteins commonly defined include a 
high molecular weight (80,000) glycoprotein, presumably 
present on the viral membrane, and a lower molecular weight 
(30,000) protein that may possess both intraspecies and 
interspecies antigenic reactivities (4). The relationship be- 
tween individual proteins and their location in the virion is of 
interest, both for the study of viral assembly and to elucidate 
interrelationships of tumor cell-surface antigens and virion 
antigens. Electron microscopic analysis has been combined 
with the isolation of subviral particles to generate tentative 
models of virion structure (5, 6). 

The purposes of this study were: 

(t) To determine the virion-associated proteins of radiation 
leukemia virus (RadLV), (a naturally occurring C-type 
virus consistently recoverable from radiation-induced leu- 
kemias and lymphomas of strain C57BL mice (7, 8), now 
propagated in tissue culture), and to compare it to Moloney 
ieukemia virus (MLV) and mouse mammary tumor virus 
(MTV). 

(tt) To use the noninvasive and nondestructive lacto- 
peroxidase iodination technique to label intact virions in 


Abbreviations; RadLV, Radiation leukemia virus: MLV, 
Moloney leukemia virus: MTV, mouse mammary tumor virus: 
PBS, phosphate-buffered saline, pH 7.4. 


order to distinguish enzyme-accessible (external) proteins 
from enzyme-inaccessible (internal) ones. 


MATERIALS AND METHODS 


RadLV. Supernatant fluids from a RadLV-infected 
C57BL/Ka embryo fibroblast line, BL-5 (RadLV), were 
provided by Mr. O. Niwa and Dr. A. Decléve of the Depart- 
ment of Radiology. Supernatant fluid from the uninfected 
BL-5 line of C57BL/Ka fibroblasts was used as a control. 
All of the BL-5 (RadLV) cells carry RadLV, as determined 
by immunofluorescence for group-specific antigen and by 
infectious center counts by the XC plaque assay (9). BL-5 
(RadLV) supernatant fluid contains about 5 xX 10’ focus- 
forming units/ml, as monitored by the XC assay with newly 
infected mouse-embryo fibroblasts. BL-5 cells are com- 
pletely virus-negative when examined by either assay (O. 
Niwa, A. Decléve, and H. 8. Kaplan, manuscript in prep- 
aration). 


MLV was purified from the ascitic fluid of Balb/c mice 
carrying the transplantable LSTRA Moloney lymphoma 
(10). These cell-free ascitic supernatants (at dilutions up to 
1:1000) were capable of inducing infectious-center plaques 
on XC cells with primarily infected mouse-embryo fibroblasts 
(assayed by Dr. A. Decléve). Because this source of MLV 
might well be contaminated with other macromolecular 
aggregates of similar density, we felt this would be an in- 
teresting test of the resolving power of dodecyl sulfate— 
gel electrophoresis. 


MTV was purified from chelated milk of lactating Balb/c 
mice fostered on strain C3H, and was a gift from Dr. P. 
Blair, Cancer Research and Genetics Laboratory, University 
of California, Berkeley. 


Virus Purification—RadLV. After clarification of super- 
natants at 4° (Sorvall RC2B centrifuge, GSA rotor, 11,000 
rpm, 15 min) virus was pelleted in a Beckman L3-50 ultra- 
centrifuge, T-15 rotor (14,000 rpm, 2.5 hr). Virus pellets 
were resuspended in phosphate-buffered saline, 0.15 M 
NaCl-15 mM NaH.PO,-K:HPO, containing 1 mM EDTA 
(pH 7.4) and spun through discontinuous 45-25% (w/w) 
sucrose (Swartz—Mann, ultrapure) gradients in PBS-EDTA 
in a Beckman SW27 rotor at 26,000 rpm for 2 hr. Material 
sedimenting to the interphase was slowly diluted and layered 
over 10-ml preformed (45-25%) continuous sucrose gradients 
and spun for 17 hr at 26,000 rpm in a SW27 rotor. A Hoffer 
gradient-collecting device was used to separate 0.4-ml 
fractions. Sucrose densities were measured with a Bausch 
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and Lomb Abbe 3L refractometer. Protein was monitored 
by its adsorbance at 280 nm with a Zeiss PMQ II spectro- 
photometer. Ratios of A 280/260 were taken for each gradient 
fraction to monitor the relative concentrations of protein 
and nucleic acids. 


MLV. After cell removal and clarification, virus was 
purified by the two sucrose gradient steps described above. 


MTV. Infected milk was chelated and skimmed as de- 
scribed by Nowinski et al. (11), then processed in sucrose 
gradients as above. 

Concentrates containing each of these viruses shall here- 
after be referred to as RadLV, MLV, and MTV, although 
there is no evidence that these preparations consist ex- 
clusively of biologically homogeneous virus particles. 


Iodination. Lactoperoxidase iodination (12) was done at 
room temperature. About 0.4 ml of a sucrose-banded virus 
preparation was |»beled either intact or with prior disruption 
with 0.2% (v/v) Triton X-100 (Rohm and Haas Chemical 
Corp.) at 37° for 30 min. Na!*I in 0.1 N NaOH (New England 
Nuclear) was added, to a final concentration of 70-100 
uCi/sample. Lactoperoxidase grade B (Calbiochem) was 
used at 15 ug/ml. Three to four additions of freshly prepared 
HO, (10 ul of a 6 uM solution in deionized—distilled H.O) 
were made at 10-min intervals. The reaction mixture was 
extensively dialyzed at 4° to remove free iodide. 


Gel Electrophoresis was performed as described by Hung 
et al. (13). Samples were pelleted and resuspended or dialyzed 
into 0.01 M NaH2,PO.;-Na2sHPO, (pH 7.2) buffer containing 
1% dodecyl sulfate, 1% 2-mercaptoethanol, and 1 mM 
EDTA. 50-ul Aliquots were made 6 M with urea (Swartz- 
Mann, Ultrapure), heated at 37° for 0.5 hr, and then at 
100° for 5 min before they were loaded onto gels. 3 ul of 
0.05% Bromphenol blue was used as a tracking dye. 

Gels were 5-mm diameter, 7% acrylamide (Biorad, electro- 
phoresis purity grade) crosslinked with N,N’-methylene 
bisacrylamide (Eastman Kodak, recrystallized from chloro- 
form), N,N,N’,N’-tetramethylethylenediamine, and am- 
monium persulfate. The gel buffer, as well as the upper and 
lower tank buffer, was 0.1 M NaH:PO,-Na,HPO, (pH 7.2) 
with 0.1% dodecyl! sulfate. In two experiments, 10% acry]- 
amide gels with proportional crosslinking were used. 

Samples were electrophoresed at 10 mA/gel until the 
tracking dye had migrated about 8 cm. Gels were stained 
with Coomassie Brilliant Blue R (Sigma Chemicals), as 
described by Weber and Osborn (14), and destained at 37° 
with shaking against 7.5% acetic acid-5% methanol. Gel 
patterns were recorded with a Gilford model 2000 spectro- 
photometer equipped with a linear gel-transport system. 

Gels containing iodinated proteins were frozen and cut into 
l-mm slices with a Hoffer gel fractionator and counted in a 
Packard model 578 Autogamma spectrophotometer. 


Incorporation of [8H|Uridine into RadLV. Both BL-5 
and BL-5(RadLV) cell lines were seeded at 2 X 10® cells per 
75-cm? flask (Falcon Plastics), and fed with 1 mCi of [*H]- 
uridine (New England Nuclear) in 20 ml of Minimal Es- 
sential Medium (Gibco) with added glutamine and anti- 
biotics. Supernatants were harvested after 3 days and 
clarified; 5-ml aliquots were analyzed directly on 10-ml 
preformed linear 60-20% (w/w) sucrose-PBS-EDTA gradi- 
ents in a SW27 rotor at 26,000 rpm for 3 hr. 10 ul of 0.3- 
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Fig. 1. 5-ml Aliquots of BL-5(RadLV) (A) and BL-5 line (@) 
culture supernatants labeled with [*H]uridine were centrifuged 
onto 60-20% sucrose-PBS-EDTA gradients (SW 27 rotor, 26,000, 
rpm, 3 hr). 10 wl of each 0.3-ml fraction was counted. Sucrose 
densities were measured with a Bausch and Lomb refractometer. 


ml fractions were dried on Whatman GF/C filter papers and 
counted in a toluene-based scintillation fluid. 


RESULTS 
Internal labeling of RadLV 


Labeling with [*H]Juridine of a particulate fraction with a 
density of 1.14-1.15 g/cm? was demonstrated in supernatant 
fluids from the BL-5(RadLYV) cell line, but not in those from 
the control BL-5 line, analyzed on continuous sucrose gradi- 
ents (Fig. 1). Although incorporation is evident, the total 
number of counts available were not sufficient to use such 
internally labeled preparations for radioimmune assays or in 
vivo localization studies. Instead, the labeled BL-5(RadLV) 
supernatant was used as a tracer in the development of a 
purification scheme for RadLV from large volumes of BL- 
5(RadLV) culture supernatants and from the in vivo virus 


sources. 


Virus purification 


Viruses pelleted from large volumes of tissue culture fluid 
and viruses from in vivo sources were first banded on dis- 
continuous sucrose gradients. They were further purified on 
45-25% (w/w) continuous sucrose gradients with isopyenic 
banding to select out a very narrow density range for further 
structural studies. The results of three such gradients are 
shown in Fig. 2a for RadLV, MLV, and MTV. Sucrose 
density determinations for all three gradients were the same. 
Peak densities were: RadLV = 1.145 g/em*, MLV = 1.154 
g/cm’, and MTV = 1.174 g/cm’. Only material from such 
peak fractions was used for iodination procedures or gel 
analysis. 

Iodination of standard protein ., 
disrupted virus preparations, was performed at room tem- 
perature. It was not necessary to remove sucrose or Triton 
X-100 from reaction mixtures before labeling. Concentrations 
of up to 1% Triton X-100 did not significantly change the 
efficiency of labeling of serum albumin by lactoperoxidase 
iodination. The reaction is specific for tyrosine and histidine 
residues (12). Self-labeling by lactoperoxidase was not de- 
tectable in the presence of substrate protein (unpublished 


and both intact and 
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Fig. 2. (a) MTV (O), MLV (¥), and RadLV (@) purified on 
discontinuous 45-25% sucrose gradients were slowly diluted and 
centrifuged onto linear 45-25° % continuous gradients for 17 hr 
(SW27 rotor, 26,000 rpm). 0.4-ml Fractions were monitored for 
Ao, with no correction for the effects of light scattering. 
Sucrose density determinations were nearly identical for all 
six gradients. Average values are shown. (b) Aliquots of MTV, 
MLV, and RadLV from peak fractions (shown above) were la- 
beled with !*I by the lactoperoxidase method, then rebanded as 
in (a). cpm normalized per wg of protein, estimated from A 
280/260 ratio, with correction for light scattering. 


observations, and ref. 15). The reaction is sensitive to changes 
in available tyrosine and histidine residues, free '=I, enzyme 
concentration, and—especially—to the concentration of 
peroxide. To prevent the deleterious oxidizing effects of excess 


TABLE 1. Properties of iodinated protein standards 
and viral preparations 





Total 

cpm- cepm- 
(X10-*) (x10~6) 

after per 


Substrate ue* dialysis 100 ug 








Cytochrome c 800 7.3 0.9 
Bovine 7S Globulin 3000 l 

Ovalbumin 250 2 
Human serum albumin 770 53. 8. 
RadLV (intact) 175 1 

RadLV (disrupted ) 175 3 
MLV (intact) 100 
MLYV (disrupted ) 100 
MTV (intact) 200 
MTV (disrupted ) 200 


m 00 Oo me 00 mm ti i 





The noted amounts of protein standards and virus preparations 
were reacted with 70 wCi of '*I for protein standards and 100 
uCi for each virus preparation, in 0.4 ml of PBS-EDTA buffer 
with 6 ug of lactoperoxidase. All reaction mixtures received three 
additions of 10 ul of 6 uM H,0, at 10-min intervals, except MLV 
preparations, which received four. 

* 1-4 by weight, 5-10 from A 280/260 after correction for 
light scattering (24). 
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Fic. 3. (a) RadLV from peak fraction of a gradient as shown in 
Fig. 2 disrupted with dodecyl sulfate-urea—mercaptoethanol, 
then analyzed on a 7% acrylamide gel, stained with Coomassie 
blue, and scanned with a Gilford model 2000 speetrophotometer 
with a linear gel transport. Molecular weight estimates for the 
numbered peaks are given in Table 2. Electrophoresis is from 
left to right. Inset: scan of the low molecular weight region an- 
alyzed on a 10% acrylamide gel. (6) MLV prepared as above. 
(c) MTV prepared as above. 
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H.O>, several additions of a dilute solution were used (see 
Methods). The conditions of reaction and specific activities 
of protein standards and virus preparations are shown in 
Table 1. 

Both RadLV and MLV could be labeled to high specific 
activities by the lactoperoxidase method and still remain 
intact. Such preparations, rebanded on sucrose gradients, 
retain the density characteristics of untreated virus (Fig. 
2b). Rebanded iodinated virus fixed on carbon-coated grids 
and stained with uranyl acetate (5) showed dense nucleoids 
enclosed by membrane-like structures. These images were 
indistinguishable from unlabeled virus (unpublished ob- 
servations). Prior disruption with a nonionic detergent 
exposed additional proteins to the labeling process and 
increased the relative specific activity. MTV was not labeled 
as well as the other two viruses while it was intact (see 
below). 


Dodecyl sulfate-acrylamide gel electrophoresis 


Preparations of RadLV, MLV, and MTV showed distinctive 
protein spectra when analyzed on 7% acrylamide gels stained 
with Coomassie blue (Fig. 3). 10% gels were needed to 
resolve the low molecular weight bands (10,000—15,000) 
found in the leukemia viruses. Molecular weight estimates 
for the major proteins shown in Table 2 are the average 
of at least three determinations, relative to the standard 
curve plotted in Fig. 4. Many very faint bands, that do not 
appear on the densitometer scans, were present on all gels, 
especially in the high molecular weight range above 50,000. 
These bands may represent aggregates of lower molecular 
weight forms or specific macromolecules present in virus prep- 
arations in very low concentrations. 

RadLV and MLV were similar in that most of the Coomas- 
sie blue-positive material present was found in four lower 
molecular weight (10,000-30,000) proteins, generally referred 
to as those bearing the group-specific antigens (1). However, 
the relative concentrations and molecular weights of these 
four macromolecules from RadLV and MLV differ signifi- 
cantly. In the higher molecular weight range, MLV has two 
major bands, of molecular weights 44,000 and 80,000. These 
correspond to the glycoproteins reported by other workers 
(2). The higher molecular weight glycoprotein is believed to 
be the major protein of the viral membrane (16). RadLV 
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TaBLe 2. Molecular weight estimates of major viral proteins 





MW x 107% 





RadLV 


I 10.5 
II 13.0 
III 15.0 
IV 29.5 
V 47 .0-51.0* 
VI 77 .0-89. Of 


Band no. 








* Two close bands. 
+ Three close bands. 


has a doublet in the range 47,000—51,000, and a triplet be- 
tween 77,000 and 89,000. Preparations of MTV showed one 
large peak at 52,500, other major bands at 26,000, 32,000, 
43,000, and 85,000, and many minor bands in the higher 
molecular weight region. 


Differential enzymatic iodination 

A striking difference is seen in the iodination patterns of 
intact and disrupted virus preparations. Both leukemia 
viruses label in a very restricted fashion. MLV labels pri- 
marily over peak VI, while RadLV labels over the area of the 
three stained bands at peak VI. 

When MLV and RadLV are disrupted before enzymatic 
iodination with a nonionic detergent known to release 
internal proteins (17), the iodine label is found on the low 
molecular weight (10,000—30,000) proteins, as well as the 
high molecular weight proteins labeled under intact condi- 
tions (Fig. 5). The coincidence of radioiodinated peaks and 
Coomassie blue peaks strengthens the interpretation that 
these are, in fact, structural proteins; however, Coomassie 
blue stains molecules other than proteins under certain 
conditions (18). 

Intact preparations of MTV did not label as well as intact 
leukemia viruses. A comparison of iodinated intact MTV 
with iodinated disrupted MTV indicates that there may be 
few available tyrosine residues on the membrane protein. 
Labeling of the major polypeptide of MTV (52,500) generally 
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Fic. 4. Semilogarithmic plot of molecular weight (MW) 
azainst mobility of protein standards on 7 and 10% acrylamide 
gels, calculated relative to bromphenol blue by the method of 
Weber and Osborn (14), where: 





Mobility = 
distance of protein migration length before staining 


length after destaining distance of dye migration 


Abbreviations; Cytochrome c (CC), Bovine 78 gammaglobulin, 
light and heavy chains (LC, HC), ovalbumin (OA), human serum 
albumin (HSA), and lactoperoxidase (LP). Analyzed from stained 
gels (@). Analyzed with iodinated proteins (A). 


associated with the nucleoid (11) under intact conditions was 
unexpected, and the presence of disrupted virions was 
excluded by first rebanding the iodinated virus, followed by 
analysis of the peak fraction by gel electrophoresis. The 
result was the same as shown in Fig. 5c. Other proteins of 
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Fic. 5. Isopycnically-banded RadLV iodinated intact (a) or after disruption with Triton X-100 (d) analyzed on 7% gels after treat- 
ment with dodecy! sulfate, mercaptoethanol, and urea. Frozen gels were sliced into 1-mm pieces and counted in a Packard autogamma 
spectrophotometer. Numbered positions I to VI correspond to those in Fig. 3. Position of bromphenol blue tracking dye is indicated by 
the bar. (b and e) MLV treated as above. (c and f) MTV treated as above. 
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intact MTV (III and V) may be exposed to the iodination 
reaction, but were not clearly demonstrated in our experi- 
ments due to the lower specific activities of these prepara- 
tions. Disrupted MTV labels comparably to the leukemia 
viruses, and iodinated peaks correspond well with stained 
preparations. 


DISCUSSION 


When studying viruses isolated from in vivo sources or from 
tissue culture, where high precursor labeling efficiency is not 
possible, one must use an exogenous label. Although various 
reagents are available (19), enzymatic iodination has many 
advantages. Reactions may be performed in neutral buffers 
in the presence of sucrose and nonionic detergents. '*I 
may be counted in a gamma-ray counter or by liquid scintil- 
lation, and is useful as a marker in autoradiographic experi- 
ments (20). Due to the large size of lactoperoxidase and its 
site-specific catalysis, this method is noninvasive and may be 
used to study topographical characteristics of cell surfaces 
(21). Stanley and Haslam (22) have also used iodination 
techniques to study influenza virus. 

Preparations of RadLV (tissue culture), MLV (ascitic 
fluid), and MTV (milk) all contained a limited number of 
major polypeptides, as evidenced by gels stained with 
Coomassie blue or iodinated, after disruption with Triton 
X-100. In all stained preparations there were numerous 
faint bands, especially in the higher molecular weight region. 
These may represent aggregates of lower molecular weight 
forms, since large amounts of virus (25-50 ug per gel) must 
be analyzed due to the preponderance of one major poly- 
peptide in all three viruses (see Fig. 3). Gel electrophoresis of 
iodinated viruses showed a significant level of counts through- 
out the length of the gel (Fig. 5) when viruses were labeled 
under disrupted, as well as intact, conditions. This uniform 
distribution of label may represent contamination carried 
through the purification scheme, host-cell proteins carried 
by the virus, or virus-specific proteins present in low concen- 
trations (such as viral enzymes). 

Enzymatic iodination of intact MTV labeled the major 
polypeptide (molecular weight 52,500), which has been sug- 
gested to be a component of the viral nucleoid (11). This 
result strongly suggests that portions of at least some copies 
of this protein are at or near the surface of the. virion. The 
failure to label the putative membrane protein of intact 
MTV (11) could relate to a lack of available tyrosine residues. 
Other aminoacid-specifie reagents may prove more useful. 

Although many similarities among the murine C-type 
viruses have been described (23), differences within the 
group have not been extensively studied. RadLV and MLV 
have quite distinctive protein distributions on stained gels 
and on unstained gels analyzed for iodinated proteins (see 
Figs. 3 and 5). Slight differences in the reported number and 
size of virion-associated proteins reported here and elsewhere 
are most likely due to differences in viral sources and separa- 
tion techniques. The solitary labeling of the high molecular 
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weight species (80,000), which coincides with the major glyco- 
protein reported by other workers (2), gives physical-chemical 
data to support its electron-microscopic and antigenic role 
as the major surface protein in the leukemia viruses. The 
inability to label low molecular weight proteins (10,000- 
30,000) of RadLV and MLV unless the virions are first 
disrupted with Triton X-100 presumably places them at 
internal (core) positions. 
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ABSTRACT A protein factor contained in a 1 M KCl 
extract of L-cell ribosomes and partially purified by chro- 
matography on DEAE-cellulose forms a specific ternary 
complex with rat-liver Met-tRNA; and GTP. The com- 
plex is measured by its quantitative retention on nitro- 
cellulose membranes. Complex assembly is optimal at 100 
mM KCI and 0.2 mM MgCh, and is independent of mRNA 
and of ribosomes. The GTP requirement can be replaced 
over 65° by its methylene analogue GDPCH)P, indicating 
that GTP hydrolysis is not involved. Complex formation 
is inhibited by 10 uM aurintricarboxylic acid, but is un- 
affected by 100 uM pactamycin, 100 uM fusidic acid, or by 
excess uncharged methionine tRNA;. The ternary com- 
plex is relatively stable and appears at the void volume 
during filtration on Sephadex G-100. At 1-3 mM MgCh 
and in the presence of other factors, the ternary complex is 
implicated in protein initiation by (i) its capacity to bind 
to the 40S ribosomal subunit to form a 48S complex; and 
(ii) the subsequent association of the 48S complex with a 
60S subunit to form a functional **80S complex.”’ 





There is considerable evidence to suggest that in eukaryotes, 
the rate-determining step in protein synthesis occurs during 
the initiation phase of translation. Such a rate-limiting step 
has been observed in such diverse tissues as cells in mitosis 
(1), muscles of diabetic animals (2), livers of fasted animals 
(3, 4), as well as in cell cultures exposed to aminoacid-deficient 
medium (5, 6), temperature changes (7), and alterations in 
sodium-potassium ratios (8). Othet studies in both pro- 
karyotes and eukaryotes indicate that the sequence of events 
leading to the formation of an 80S initiation complex is medi- 
ated by the stepwise participation of specific ribosome factors 
(9-14). Consequently, the first steps in the initiation sequence 
are of particular importance if it is assumed that they rep- 
resent logical sites for the operation of regulatory controls. 
Recent studies in prokaryotic systems have reported that 
one of the earliest steps in the initiation sequence is the for- 
mation of a ternary complex containing the ribosome initia- 
tion factor IF-2, fMet-tRNAgs, and GTP (15, 16). 

In this report, we describe the in vitro formation of a eu- 
karyotic ternary complex with similar properties, composed 
of a partially purified ribosome factor from L-329 mouse 
fibroblasts (L-cells), rat-liver Met-tRNA;, and GTP. Pre- 
liminary data were presented in a previous communication 
(17). Complex formation is specific for initiator Met-tRN Ay 
and GTP, and is independent of mRNA and ribosomes. The 
complex is implicated in the initiation process by its capacity 
to bind 408 ribosomal subunits, which in turn are incorporated 
into functional 80S complexes. 


METHODS 


Chromatography of a Ribosomal Extract on DE AE-Cellulose. 
A post-mitochondrial extract of L-cells was centrifuged over- 
night at 0° through a deep cushion of 68% sucrose in TKM 
buffer (18). The pellet was suspended in 10 mM Tris-HCl 
(pH 7.5)-250 mM sucrose-0.1 mM EDTA-1 mM dithio- 
threitol to 5 mg/ml of ribosomes and brought to 1 M KCl 
The suspension was slowly stirred for 1 hr at 13°, then centri- 
fuged at 0° for 1 hr at 180,000 x g. The top three-fourths 
of the supernate was dialyzed at 4° for 2 hr against 30 mM 
rris- HCl (pH 7.5)-100 mM KCl-1 mM MgCl.-2 mM di- 
thiothreitol (TKMD buffer). Debris was removed by low- 
speed centrifugation. About 10 mg of dialyzed protein was 
applied to a DEAE-cellulose column (0.9 em X 20 cm) pre- 
viously equilibrated in the same buffer, but containing 50 
mM KCl. Four protein fractions were eluted by a discontin- 
uous gradient in TKMD buffer with KCl concentrations of 0.05 
M (A), 0.1 M (B), 0.2 M (C), and 0.3 M (D). Effluent frac- 
tions were monitored at 280 nm to insure separation. Peak 
fractions were pooled and concentrated by ammonium sulfate 
precipitation; protein was dissolved in TKMD buffer con- 
taining 0.2 M KCl and dialyzed at 4° for 90 min against the 
same buffer-KCl. Debris was removed as before and the ex- 
tract was stored at —80° in small aliquots. Under these con- 
ditions, fraction C maintained its activity for several months 
without significant loss. 


Treatment of Ribosomal Subunits with 1 M KCi. The isola- 
tion and separation of L-cell 40S and 608 subunits-in 0.5 M 
KCI have been described (18). For treatment of these par- 
ticles with 1 M KCl, 20 Avg units of each subunit were diluted 
to 1 ml in 50 mM triethanolamine: HCI (pH 7.6)-1 M KCI-1.8 
mM MgCl, (increased to 3 mM for 60S subunits). The 40S 
suspension was incubated at 27° for 40 min and the 60S sus- 
pension at 18° for 5 min. Each suspension was then centri- 
fuged at 18° through separate 30-ml 10-30% sucrose density 
gradients in 50 mM triethanolamine: HCl (pH 7.6)-500 mM 
KCI-5 mM MgCl, for 5 hr at 64,000 X g (18, 19). The sub- 
unit peaks were collected and stored as described for the 0.5 
M KCl subunits (18). 


Preparation of Labeled Aminoacyl-tRNAs. Rat-liver 
tRNA;™*t and tRNA, ™* were separated by chromatography 
of bulk tRNA on benzoylated DEAE (BD)-cellulose (18, 
20). tRNA;_™**t was charged with [*H ]methionine (4 Ci/mmol) 
or [*®S]methionine (8 Ci/mmol) with 8100 extracts free of 
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Fic. 1. Dependence of ternary complex formation on factor 
C concentration. Reaction mixtures and assay conditions are as 
described in Table 1, except that 7 pmol of [*H]Met-tRN Ay; 
(1200 cpm/pmol) was present in all incubations. Factor C was 
added as indicated. Each value on the curve is an average of two 
determinations, and is corrected for the amount of label (0.03 
pmol) bound in the absence of C. 


endogenous tRNA from Escherichia coli strain MRE; 
tRNA m™* and purified rat-liver tRNAP®* were charged with 
(?H]methionine (4 Ci/mmol) and [*H]phenylalanine (11 
Ci/mmol), respectively, by crude L-cell synthetases free 
of endogenous tRNA. 


MATERIALS 
Reticulocyte supernatant factors EF-T; and EF-T. were 
gifts of Drs. I. Krisco and D. Richter, Rockefeller University 
(New York, N.Y.). Fusidic acid was a gift of Drs. A. L. Haenni 
and F. Lipmann of Rockefeller University. Bulk rat-liver 


TABLE 1. Specific binding of Met-tRN A; toa 
ribosomal protein fraction 





pmol of aminoacyl-tRNA bound 


Met-tRNA» Phe-tRNA 





Fraction Met-tRN A; 


A 0.03 0.03 1.31 
B 0.05 2 0.33 
Cc 0.92 ; 0.26 
D 0.10 g 0.19 
Unfractionated 0.22 4! 4.51 








Incubations contained the following components in a final 
volume of 50 wl: 20 mM Tris-HCl (pH 7.5), 100 mM KCI, 0.2 
mM MgCh, 0.1 mM GTP, 1 mM dithiothreitol, and—where 
indicated—5 pmol of [*H]Met-tRNAy; (1200 cpm/pmol), [*H]- 
Met-tRNA,, (1200 cpm/pmol), or 5 pmol of [*H]Phe-tRNA 
(2900 cpm/pmol). Ribosomal protein fractions obtained by 
DEAE-cellulose fractionation (Methods) were added (where 
indicated) as follows: 14 ywg of fraction A, 12 ug of fraction B, 
17 wg of fraction C, 14 ug of fraction D, and 27 wg of unfraction- 
ated extract. Incubation was at 37° for 5 min. The reaction was 
stopped by dilution with 3 ml of cold 20 mM Tris- HCl (pH 7.5)- 
100 mM KCl-0.2 mM MgChk, and immediately collected on a 
nitrocellulose membrane (0.45 um, Millipore Filter Corp.) 
followed by three rinses of 3 ml each; only the binding complexes 
were retained. The membrane was dried and counted in Liquiflor 
(New England Nuclear Corp.) in a Nuclear-Chicago scintillation 
counter. 
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tRNA and purified rat-liver tRNA?®* were gifts of Drs. D. 
Griinberger and I. B. Weinstein of Columbia University (New 
York, N.Y.). Pactamycin was donated by the National 
Products Section of the National Cancer Institute (Bethesda, 
Md.). Aurintricarboxylic acid was obtained from Sigma 
Chemical Co. (St. Louis, Mo.). [*H]Methionine and [*H]- 
phenylalanine were purchased from New England Nuclear 
Corp. (Boston, Mass.), and [*S]methionine was from Amer- 
sham/Searle (London). 


RESULTS 


Specific Binding of Met-tRN A; to a Ribosomal Protein F ac- 
tor. A crude 1 M KCl extract of L-cell ribosomes (see Methods) 
was fractionated on DEAE-cellulose into four protein frac- 
tions by a discontinuous gradient with different concentra- 
tions of KCl (Table 1). Each protein fraction was tested for 
its ability to bind rat-liver Met-tRNA;, Met-tRNAn, and 
Phe-tRNA. The extent of binding was measured by the quan- 
titative retention of the binding complex on nitrocellulose 
membranes. Fraction C, which eluted at 0.2 M KCl, displayed 
a selective affinity for Met-tRNA; compared to Met-tRNAn 
and Phe-tRNA (Table 1). Assembly of the complex was de- 
pendent upon GTP; on that basis, it was designated a ternary 
complex with the tentative composition [C—Met-tRNA;- 
GTP]. Optimal binding of Met-tRNAg¢ was obtained at 150 
mM KCl and 0.2 mM MgCh, a concentration that contrasts 
with the high MgCl. concentration (5 mM) used for the ho- 
mologous prokaryotic ternary complex (15, 16). The efficient 
binding of Phe-tRNA by the unfractionated extract may 
have been due to Phe-tRNA synthetase, which is present 
in high concentration in the preparation and is eluted pri- 
marily in fraction A (Table 1). In this regard, it should be 
noted that fraction C, which binds Met-tRNAys, was free of 
Met-tRNA synthetase activity. The amount of ternary com- 
plex formed was proportional to the concentration of fraction 
C (Fig. 1). At limiting Met-tRNA¢ concentrations, all of the 
substrate was bound. 

Effect of Inhibitors and Specificity of GTP. The addition 
of excess uncharged tRNA;¢™* or tRNA,™* did not inter- 
fere with the binding of Met-tRNAgs, indicating that the 
methionyl moiety is required for recognition by fraction C 
(Table 2). Complex formation was essentially unaffected by 
0.1 mM fusidic acid or 0.1 mM pactamycin, but was 80% 


TABLE 2. Effect of uncharged tRNA and inhibitors on 
ternary complex formation 





pmol Met-tRN Ay 
Additions bound 





-— aa 
tRNA;Met .69 
tRNA,™* 65 
ATA (0.1 mM) .06 
ATA (0.01 mM) .32 
Pactamycin (0.1 mM) .80 
Fusidie acid (0.1 mM) 1.58 





Incubation conditions and components are as described in 
Table 1, except that 7 pmol of [*H] Met-tRN A; (1200 epm/pmol) 
and 27 ug of fraction C were present in all incubations. In addition, 
uncharged tRNA;Met (0.1 Ae units), uncharged tRNA,»™* 
(0.1 Asgo units), aurintricarboxylic acid (A7'A), pactamycin, and 
fusidic acid were added as indicated. 
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inhibited by 0.01 mM aurintricarboxylic acid emphasizing 
the selectivity of aurintricarboxylate inhibition in this step 
(Table 2). Examination of the GTP requirement revealed 
that neither ATP nor GDP could substitute for GTP; how- 
ever, the methylene analogue of GTP, GDPCH,P, was 65% 
effective in replacing GTP, indicating that complex assembly 
did not involve GTP hydrolysis (Table 3). 


Inactivity of Supernatant Elongation Factors. Fraction C 
also contained traces of the supernatant elongation factors, 
EF-T, and EF-T:, which were contaminants of the 1 M KCl 
extract of the ribosomes. In order to eliminate the possibility 
that complex formation was due to the elongation factors, 
we examined the effect of highly purified EF-T, and EF-T, 
on Met-tRNA,; binding to fraction C (Table 4). Alone or in 
combination, the eukaryotic supernatant factors did not re- 
place fraction C, nor did they interfere with ternary complex 
formation (Table 4). Consequently, the complex is unrelated 
to the ternary complexes containing supernatant elongation 
factors derived from bacteria (21-23) and calf brain (24). 


Molecular Sieve Filtration of the Ternary Complex. Analysis 
by gel filtration on Sephadex G-100 of the ternary complex 
prepared with ['H]Met-tRNA; and [y-**P|GTP revealed 
a profile with a peak at the void volume that contained both 
labeled components (Fig. 2). The position of the complex 
indicated a molecular weight of at least 100,000. In the ab- 
sence of either GTP or fraction C, no complex was formed. 
The impurity of fraction C and a low level binding of [y-**P]- 
GTP in the absence of Met-tRNA¢; (not shown) does not 
permit a stoichiometric analysis of the reaction components. 
The appearance of [y-**P]GTP in the complex (Fig. 2) is in 
accord with the observation that GTP is not hydrolyzed 
during complex formation (see Table 3). Similar results were 
reported for the prokaryotic ternary complex (15, 16). 


Binding of Ternary Complex to Ribosomes. In the course 
of studies on a possible functional role for the ternary com- 
plex during protein initiation, we found that at 1.5 mM MgCl, 
the labeled complex binds to 40S ribosomal subunits pre- 
viously stripped of initiation factors with 1 M KCl; the new 
complex sediments to the 48S region in sucrose density gradi- 
ents (Fig. 3b). Binding does not occur with similarly-treated 
60S subunits alone (Fig. 3c). However, addition of 60S ribo- 
somal subunits to the 488 assembly at 3 mM MgCl, produces 


TABLE 3. Dependence of ternary complex formation on GTP 





pmol Met-tRN Ay 
Nucleotide bound 


GTP 

GDP 

GDPCH,P* 

ATP 

GTP + GDPCH,P 





Incubation conditions and components are as described in 
Table 1, except that 5 pmol of [*H] Met-tRN A; (1200 cpm/pmol) 
and 17 ug of fraction C were present in all reaction mixtures. In 
addition, 0.3 mM GDP, 0.3 mM GDPCH,P, and 0.5 mM ATP 
were added where indicated. 

* 8, y-methylene guanosine triphosphate. 
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Fig. 2. Profile of ternary complex on Sephadex G-100. Three 
50-yl reaction mixtures were prepared as described in Table 1, 
except that all three contained 5 pmol of ([*H]Met-tRNAy, 
(1200 epm/pmol). In addition, two incubations contained 0.1 
mM [y-**P]GTP (1800 cpm/pmol) (top, bottom panels), and in 
one incubation GTP was omitted (middle); 27 ug of fraction C 
was present in two incubations (top, middle) and omitted in one 
incubation (bottom). After 5 min at 37°, the incubations were di- 
luted to 1 ml with cold 20 mM Tris-HCl (pH 7.5)}-100 mM 
KCl-0.2 mM MgCh, loaded on separate columns of Sephadex 
G-100 (0.9 em X 24 cm), and collected in 0.4-m] fractions during 
filtration in the same buffer. Aliquots were counted directly in 
Bray’s scintillation solution (27) in a Nuclear-Chicago scintilla- 
tion counter with voltage settings adjusted for double-label 
counting [*H/**P] where required (top and bottom). The intact 
ternary complex eluted at the void volume (top). [*H]Met- 
tRNA; (@ @); [y-"P]GTP (O- O). 


a further shift of label to the 80S region (Fig. 3d). No binding 
of label or subsequent shifts take place if the first incubation 
for ternary complex formation is omitted. The two stepwise 
shifts are dependent wpon the presence of additional ribo- 
somal factors, but are independent of mRNA. This phenom- 
enon resembles an mRNA-independent binding of Met- 


TaBLe 4. Comparison of ribosome factor 


with EF-T, and EF-T, 





pmol Met-tRN A, 


Enzyme fraction bound 


2.01 
0.03 
0.13 
0.12 
2.03 
1.96 
‘-T, + EF-T; 2.00 





Incubation conditions and components are as described in 
Table 1, except that 7 pmol of [*H] Met-tRN A; (1200 cpm /pmol) 
was present in all of the incubations. In addition, 27 wg of frac- 
tion C, 2.1 wg of reticulocyte EF-T,, and 3.2 ug of reticulocyte 
EF-T, were added as indicated. 
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Fic. 3. Sucrose density gradient profiles of initiation com- 
plexes. Formation of the ternary complex and binding to ribo- 
somes were performed in three consecutive incubation steps; all 
contained 20 mM Tris-HCl (pH 7.5), 0.4 mM GTP, and 1 mM 
dithiothreitol throughout. Step 1: additions for ternary complex 
formation in 25 ul were 4 pmol of [*S]Met-tRNA; (5900 cpm/ 
pmol), 100 mM KCl, 12 ug of fraction C, incubation was at 37° 
for 5 min (a). Step 2: additions and changes were 0.25 Ag units 
of 40S subunits (or 0.5 units of 60S subunits), 1.5 mM MgCh, 
80 mM KCl, and 15 ug of unfractionated ribosomal extract in a 
final volume of 35 ul, incubation was 5 min at 37° (b, c). Step 3: 
additions and changes were 0.5 Ag units of 60S subunits, 3 mM 
MgCh, 52 mM KCl in a final volume of 50 ul, incubation was 5 
min at 37°. The sedimentation profile of each incubation stage 
was determined in 5-ml sucrose gradients (5-20%) in the same 
buffer-salt mixtures used in the corresponding incubation. 
Centrifugation was at 130,000 < g for 55 min at 14°. The gra- 
dients were monitored at Azo in an ISCO fractionator, and frac- 
tions were collected dropwise. Each fraction of each gradient 
was diluted in the corresponding buffer-salt mixture, collected 
on nitrocellulose membranes, and counted as described in Table 
1. [*S] Met-t RN Ay (@— — -@); Argo ( ). 


tRNA¢ at elevated MgCl. concentrations (8-16 mM) that 
was observed (18) with untreated subunits that retained 
their initiation factors. Although active in protein synthesis, 
such subunits imposed obvious restrictions upon detailed 
studies of the initiation sequence in vitro. From the current 
studies, it is apparent that stripped subunits, which depend 
on exogenous factors and are effective at low MgCl. con- 
centrations, permit a stepwise analysis of the initiation pro- 
cess. 


DISCUSSION 


In the studies presented here, a partially purified ribosome 
factor, designated C, is implicated in eukaryotic protein 
initiation by its ability to specifically bind Met-tRNAgs in a 
ternary complex with GTP. The possibility that factor C 
represents a ribosomal binding site for initiator Met-tRNA 
is supported by stepwise formation of 488 and 80S complexes 
that are dependent upon prior assembly of the ternary com- 
plex [(C-Met-tRNA;s-GTP | as follows: 


(a) C + Met-tRNA; + GTP — [C—Met-tRNA;-GTP]. 
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(b) [(C-Met-tRNA;-GTP] + 40S + factor(s) 
+ GTP — (48S complex). 


(c) (48S complex) + 60S + factor(s) 
+ GTP — (80S complex). 


The 80S complex formed by this sequence is functional to 
the extent that in the presence of puromycin, the methionyl 
moiety is quantitatively released to form methionyl-puro- 
mycin. The specific nature of the factor and GTP require- 
ments in the proposed scheme is still under investigation. 
Preliminary data indicate that each step in the sequence is 
mediated by separate factors; in addition, the GTP require- 
ment in reactions (6) and (c), which has been demonstrated 
to some extent in other eukaryotic systems (10-12, 25, 26), 
has also been confirmed (unpublished data). 

An interesting anomaly of the above scheme is the apparent 
absence of an mRNA requirement in the sequential formation 
of the 80S complex. Since mRNA is an essential component 
of the true 80S initiation complex, the possibility cannot be 
excluded that the factor or subunit preparations contain 
trace amounts of mRNA fragments. However, preliminary 
data from studies in progress indicate that a factor-dependent 
addition of exogenous viral mRNA to the sequence consider- 
ably augments binding of Met-tRNA; in an [80S-—Met- 
tRNA;-mRNA] initiation complex. An analysis of the se- 
quence to determine in which step mRNA was inserted re- 
vealed two essential features that support the contention that 
the ternary complex is involved in protein initiation: (¢) in 
the stepwise sequence leading to the formation of the 80S 
initiation complex, no assembly of ribosomal complexes 
occurred without the prior formation of the ternary complex; 
and, (ti) the binding of the ternary complex to the 405 sub- 
unit preceded the incorporation of mRNA (unpublished 
data). 

It is not clear if the entire ternary complex binds to the 
40S subunit in reaction (b), or if the complex acts primarily 
as a carrier for initiator Met-tRNA;. However, the similarity 
of the eukaryotic complex to the prokaryotic ternary complex 
[IF-2-MET-tRNA;-GTP] of Rudland et al. (15) and of 
Lockwood et al. (16) is manifest. If a mechanism analogous 
to the prokaryotic complex is assumed to occur in eukaryotes, 
it is probable that the eukaryotic ternary complex binds 
intact to the 40S subunit. 


Addendum. After submission of this manuscript for pub- 
lication, evidence for a similar eukaryotic ternary complex 
[factor-Met-tRNA;-GTP] with a factor derived from re- 
ticulocyte ribosomes was published by Chen, Y. C., Woodley, 
C. L., Bose, K. K., & Gupta, N. K. (1972) Biochem. Biophys. 
Res. Commun. 48, 1-9. 
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ABSTRACT All the BHK;,; Clone 13 cells transformed 
by dimethylnitrosamine or nitrosomethylurea, and a 
single “‘spontaneously”’ transformed clone obtained in our 
laboratory, exhibit a conditional state of the transformed 
phenotype. Upon growth at 38.5°, they have a transformed 
phenotype (clonal morphology and the ability to plate in 
soft agar); when grown at 32°, their phenotype is normal. 
The conditional state of these cells, however, does not 
extend to their growth characteristics; their plating 
efficiency at the two temperatures in liquid medium is 
similar. Conversion from the normal to the transformed 
phenotype and the reverse is possible by temperature 
shifts. A working hypothesis is proposed suggesting that 
this phenomenon may be caused by a temperature-sensi- 
tive mutation of a cellular gene whose product is responsi- 
ble for maintaining the normal phenotype. The high 
temperature would then affect either the synthesis or 
the function of the protein carrying the temperature- 
sensitive alteration and, as a consequence, the transformed 
phenotype would be expressed. 





The in vitro malignant transformation of cells by chemical 
carcinogens has been reported by several investigators. How- 
ever, the data available were obtained either by exposure of 
primary or secondary mass cultures to the chemicals for long 
periods of time, thereby allowing selection, through toxicity 
and a growing advantage of resistant variants (1-6), or, in 
other instances, aneuploid permanent cell lines were used 
(7-10). A more desirable test for in vitro carcinogenesis would 
involve the use of a standardized cell line (e.g., BHKn 
Clone 13, 3T3, Balb/c 3T3, etc.), exposure of suspended cells 
to the chemicals for a brief period of time (10-60 min), and 
finally plating in soft agar for assay of malignant trans- 
formants. This assay, amply used for viral transformation, is 
the only one that allows a reasonable quantification of trans- 
formation frequency. Recently, in our laboratory, we were 
able to develop such a test fashioned after the well-known 
technique of MacPherson and Montagnier (11) for induction 
of malignant transformation by polyoma virus. The test in- 
volves the use of BHKz; Cl 13 cells. Brief exposure of a sus- 
pension of cells to various concentrations of dimethyl- 
nitrosamine (Me.N) or nitrosomethylurea (NMeU) was 
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followed by plating in soft agar. After 20-60 min of exposure 
to either of the two chemicals at a fixed concentration, the 
transformation frequency was 6 X 10~*. The development 
of the test, the quantitative aspect of it, experiments with 
other chemical carcinogens, and the dose-response relation- 
ship will be reported elsewhere. In this paper, we report a 
common characteristic that was found for all clones of 
BHK2; Cl 13 cells obtained by transformation either by 
Me2N or NMeU, and of a “spontaneously”’ transformed clone. 
So far, in our laboratory, the expression of the transformed 
phenotype for all these clones is dependent upon a high 
incubation temperature (38.5°), whereas incubation at low 
temperature (32°) allows the normal phenotype to be ex- 
pressed. 


MATERIALS AND METHODS 


Tissue Culture. Standard plastic tissue culture dishes were 
used in all experiments. TD buffer [0.8% NaCl-0.038% 
KCI-0.01% NasHPO,-0.3% Tris- HCl (Sigma 7-9) (all w/v)] 
was adjusted to pH 7.0 with 1 N HCl. 


BHKx Cl 13 Cells from an early passaget were kept frozen 
in liquid nitrogen. For use in experiments, cells were quickly 
defrosted and passed 2-3 times to obtain the necessary 
numbers. 


Media. Eagle’s standard medium with 4-times concentrated 
amino acids and vitamins (Dulbecco Medium), with 10% 
tryptose phosphate broth and 10% calf serum, was used in 
all experiments. Soft agar suspension medium with 10% calf 
serum (11) was used in the agar-plating experiments. Incu- 
bation was in 10% CO: in air and 99.5% humidity. 


Test for Malignant Transformation. BHKx Cl 13 cells 
were harvested from semi-confluent monolayers by tryp- 
sinization, centrifuged, and suspended by pipetting to insure 
single-cell dispersion. 10® Cells in 1 ml were exposed to several 
concentrations of chemical for various periods of time. After 
exposure, the cells were washed with medium, suspended, 
and plated in liquid medium at various concentrations to 
assess plating efficiency and survival. In general, 4 X 10¢ 
cells were plated in soft agar at the two temperatures. After 
incubation (14 days at 38.5° and 28 days at 32°), colonies 
were counted and the percent of transformation was ob- 
tained (only malignantly transformed cells give rise to 





t Between 15th and 20th serial subculture from tissue of origin. 
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colonies in soft agar at the critical agar concentration of 


0.3%). 


Transformed colonies were individually harvested and 
grown both at 38.5° and 32° for two passages and frozen in 
liquid nitrogen. 


Chemical Carcinogenesis. Dimethylnitrosamine and nitroso- 
methylurea were kindly provided by Dr. W. Lijinsky. Di- 
methylnitrosamine 

Dimethylnitrosamine GH >N—N=0 
is a well-known very potent chemical carcinogen. It must be 
metabolically activated to a reactive metabolite. This 
metabolite, yet to be identified, probably is an alkylating 
agent. 
oO 


l 
Nitrosomethylurea alle Mati 


N 
O 


is a direct alkylating agent and potent carcinogen. Dimethyl- 
nitrosamine was used in the following concentrations: 
1 mg per 10° cells per ml for 20 min and 25 mg per 10° cells 
per ml for 1 hr in TD buffer. Nitrosomethylurea was dis- 
solved in 5 mM citrate buffer (pH 5). Suitable amounts were 
added to the cells suspended in TD buffer to obtain 1, 5, 
or 50 wg per 10° cells per ml. 


Nomenclature and Derivation of the Studied Clones Trans- 

formed by Treatment with Me.N or NMeU. 
Derwvation 

1 mg of Me.N per ml for 20 min 
25 mg of Me.N per ml for 1 hr 
5 wg of NMeU per ml for 1 hr 
NMeU3 50 ug of NMeU per ml for 1 hr 
NMeU4, 5 1 wg of NMeU per ml for 1 hr 
CO, Untreated, spontaneously trans- 

formed 
From M. Stoker, low passage, § 

viable frozen test line 
PY, Transformed by polyoma virus 


Designation 
Me.N1-6 
Me,N7-9 
NMeU2 


BHK21/13 


Spontaneously Transformed BHK:2, Cl 13 Clone. Occa- 
sionally, 1 or 2 colonies will appear for every 4 X 10* low- 
passage, BHK2, Clone 13 cells, plated in soft agar. Upon 
isolation and replating in soft agar, such colonies do not 
grow. It is known that normal BHK cell clumps will give rise 
to colonies in soft agar. Spontaneously transformed BHK 
clones, defined as truly transformed cells by their ability to 
plate in agar after defrosting and a couple of passages, ap- 
pear with an extremely low frequency. Clone CO, is one of 
the few spontaneously transformed BHK that we have found. 

BHK:; Cl 13 cells transformed by polyoma virus (PY1) 
were used as controls. 


RESULTS 


Six clones transformed by Me.N, four by NMeU, one spon- 
taneously transformed, one transformed by polyoma virus, 





§ 20th serial subculture from tissue of origin. 
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CELL NUMBER/DISH (60mm) 
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HOURS 

Fic. 1(A). Growth curve at 38.5°; (B) growth curve at 32°. 
Several dishes were seeded with 2 X 10* cells per dish. At vari- 
ous times, the total number of cells per dish was counted micro- 
scopically after the cells were harvested by trypsinization. Each 
point represents the count of 2 dishes. O, BHK,, Cl 13; @, PY1; 

O, Me,N4; A, Me,N6. 


and a normal BHK., Cl 13 were grown for a few passages 
[2-3] at 22° and 38.5°. Cells were then plated at the two 
temperatures. The plating efficiency of the various clones in 
liquid medium did not show significant differences at the two 
temperatures. 

Figs. 14 and B represent cell growth at 38.5° and 
32°, respectively. The growth rate of the chemically 
transformed clones is not significantly different from that 
of the BHK control or PY1 transformed cells at either 
temperature. Figs. 2-4 illustrate the morphology of the 
different clones at the two temperatures. BHK» Cl 13 
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Figs. 2-4. Microphotographs of colonies of (24) BHKa Cl 13 at 38.5°, (B) BEKa Cl 13 at 32°; (3A) PY1 at 38.5°, (B) PY1 
at 32°; (4A) typical Me,N-transformed cells at 38.5°, (B) typical Me,N-transformed cells at 32°. 


exhibits normal clonal morphology at the two temperatures. 
PY1 clone shows transformed morphology at both tem- 
peratures. In contrast, Me.N-, NMeU-, and spontaneously 
transformed clones exhibit a normal morphology at 32° and 
a transformed morphology at 38.5°. It should be recalled 
that transformed clonal morphology of BH Ka»; Cl 13 is defined 
by: (A) loss of the swirl pattern, a typical cyto-architectural 
feature of normal cells, (B) criss-cross pattern of growth, and 
(C) piling up of cells in the colony. This accounts for the dense, 
dark appearance of the transformed clones. Clonal mor- 
phology, however, appears to be only loosely related to the 
ability of a given clone to produce tumors in an animal. The 
ability to plate in soft agar is, however, strictly related to 
tumorigenicity, at least in our experience with cells trans- 
formed by polyoma virus or chemicals. Only 10% of the 
clones showing a “transformed” morphology plate in soft 
agar and produce tumors in animals. All the clones listed in 
this work that plated in soft agar were tumorigenic in ham- 
sters. Within 30 days after inoculation of 10° cells per animal, 


visible tumors were observed. At this density, BHK cells did 
not provoke tumor formation. Only at a much greater density 
(10°-10" cells per animal) did BHK cells provoke tumors 
within 30 days; however, after inoculation of similar densities 
of the chemically transformed clones visible tumors were 
found within 7 days. The spontaneously transformed clone, 
CO,, was not tested. Table 1 shows the plating efficiencies of 
the various clones, grown and subsequently plated in soft agar 
at the two temperatures. Again, BHK2; Cl 13 does not plate 
at either temperature, PY1 clone plates at both temperatures, 
but Me.N-, NMeU-, and the spontaneously transformed 
clones exhibit a temperature dependence of their plating 
efficiency. The transformed phenotype of these clones at 
38.5° reverts to normal when the cells are shifted to 32°. 
Conversely, the cells express the transformed phenotype 
when shifted from 32° to 38.5°. The ability to plate in soft 
agar after the temperature shifts was used as a measure of 
phenotype recognition. Hence, the expression of the trans- 
formed phenotype of these clones is conditioned by tempera- 
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TABLE 1. Temperature dependence of plating efficiency 
in soft agar of Me.N, N MeU, polyoma, “spontaneous,” 
and normal BH Kx; Cl 13 clones 





Cells grown and 
plated at 32° 


Cells grown and 
plated at 38° 
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Each determination is based on counts of 10 plates seeded with 
1000 cells per plate in Dulbecco medium with 0.3% agar, and the 
plating efficiency is expressed as % of cells plated. 


ture. When the various clones grown at 32° were shifted to 
38.5° and then plated in soft agar at 38.5, they were found to 
belong to two different classes; one that immediately ex- 
pressed the transformed phenotype (as judged by the ability 
to plate in soft agar at the high temperature), and the other 
that exhibited a phenotypic lag of 3.5 generations before 
transformation was expressed. 

Table 2 shows the behavior of clone NMeU5, a representa- 
tive of the first class, and clone Me.N6, a representative of 
the second class, after temperature shift. Clone NMeU5 
immediately exhibits the transformed phenotype when 
shifted to 38.5°. In contrast, clone Me.N6 must grow 3.5 
generation times at 38.5° before full expression of the trans- 
formed phenotype occurs. 

DISCUSSION 
Temperature dependence of the transformed phenotype of 
cells transformed by two different nitrosamines and of a 
spontaneously transformed clone has been clearly demon- 
strated. These results were found to be highly reproducible 
in a set of several experiments. In contrast, cells transformed 
by polyoma virus are completely unrestricted by temperature 
and exhibit a transformed phenotype both at 32° and 38.5°. 
The conditionally transformed state of these cells may be 
explained by the assumption, as a working hypothesis, that 
nitrosoamines and the unknown causative agent of spon- 
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TABLE 2. Phenotypic lag of the expression of 
transformation after shift from 32° to 38.5° © 





Plating effi- Number of 
ciency of control generations 
cells in soft at 38.5° in soft agar 
Clone agar at 38.5° after shift at 38.5° 


Plating 
efficiency 





NMeU5 9.2 


Me:N6 18.5 


7.0 
18.5 





Several dishes were seeded with 5 X 10° cells per dish from 
clones carried at 32°. These dishes were shifted to 38.5°. At 
various times after the shift, the cells were plated in soft agar; 
these plates were incubated at 38.5°. The plating efficiency is 
compared with that of the same cells maintained at 38.5° and 
plated in soft agar at 38.5° (control cells). See footnote of 
Table 1. 


taneous transformation, react with the cell genome and 
produce a temperature-sensitive mutation in a gene whose 
product is essential in maintaining the normal phenotype. 
The temperature-sensitive mutation at the higher temperature 
would operationally suppress either the function or the syn- 
thesis of the gene product, and unregulated growth and ma- 
lignant transformation would occur. 


This research was supported by NIH Contract no. 70-2203. 
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ABSTRACT An acetone extract of chloroplast particles, 
when layered on an aqueous surface, exhibited light-de- 
pendent phosphorylation. Studies with the firefly-tail 
enzyme assay, as well as with P-labeled inorganic phos- 
phate, show an initial release of adenosine triphosphate (a 
step that is apparently only light-triggered), followed by a 
light-dependent uptake of the labeled inorganic phosphate 
into adenosine diphosphate and adenosine triphosphate. 





Photophosphorylation has been demonstrated with fragments 
of chloroplast lamellae (1-5). It has been suggested that these 
fragments must be capable of maintaining a proton gradient 
or a pH gradient between an inner and an outer compart- 
ment in order for them to be active (6-9). Recent evidence, 
however, seems to indicate that some photophosphorylation 
can occur in the absence of a proton pump (1, 4, 10), and 
that the act of phosphorylation in this case is directly coupled 
to the electron transport chain through a “high-energy” 
chemical intermediate (11). 

In this preliminary report, we describe an acetone extract 
of spinach subchloroplast particles at an air—water interface. 
This system is capable of photophosphorylation in the 
apparent absence of any intact membranes or artificially 
supplied electron carriers. 


MATERIALS AND METHODS 


The apparatus used for preparation and study of the mono- 
layers is essentially the same as that described by Aghion 
et al. (12), the only major modification’ being that the trough 
was constructed of aluminum and coated with Teflon. 

The chloroplasts were prepared from spinach leaves 
(Spinacia oleracia L.) by the method of 8. Saha and N. E. 
Good (13). Subchloroplast particles were prepared from these 
by use of a modified method of Nelson et al. (2). A 5-min 
sonication in a temperature-controlled sonic oscillator (Ray- 
theon Electronics Corp.) was used in place of digitonin treat- 
ment. The sonicated particles were first spun at 46,000 x g 
for 20 min to remove the heavier fragments. The supernatant 
was then spun at 95,000 x g in a Beckman refrigerated ultra- 
centrifuge (model L2-65B) for 30 min, the supernatant was 
poured off, and the pellet was resuspended in cold acetone 
(—20°). The resultant solution was centrifuged again at 
95,000 X g for 15 min; the supernatant was removed with a 
syringe and used on prepare the monolayer. After addition of 
the extract on the aqueous subphase, the film was immediately 
compressed to a surface tension, x, of 19.6 dynes/cm. To 
assay for ATP or esterified **P, 2-ml aliquots were removed 
from the subphase with a syringe at various time intervals. 

Utilization of larger particles for preparation of the acetone 
extract resulted in a more unstable system, making results 


more difficult to reproduce. All steps were performed at 0° 
and in dim light. The subphase on which the monolayer was 
spread contained 10 uM Na2HPO,, 10 mM N-tris(hydroxy- 
methy!)methy] glycine (Tricine) buffer (pH 7.8), and 50 uM 
ADP. The temperature was maintained at 15°. The subphase 
for the experiments involving **PO, was prepared in the same 
manner (the *PO, being added as part of the NasHPO, 
solution). 

Total chlorophyll contained in the extract was estimated by 
the method of Vernon to be 1.6 umol/ml (14); about 0.6 umol 
was spread on the surface. For the ATP measurements, 
the monolayer was illuminated with two cool-white, 20-W, 
fluorescent lamps mounted 60 cm above the trough or a 
single 100-W tungsten filament bulb mounted 30 cm above 
the trough. In the [**P]inorganic phosphate esterification 
measurements, only the tungsten light source was used. The 
average light intensity at the surface of the monolayer was 
measured with a thermopile (Eppley Instruments) to be 580 
ergs cm~? sec™! for the fluorescent light source and 6.5 X 
10‘ ergs cm~?* sec! for the tungsten source. 

The extract was maintained in the dark at 4° before 
addition to the aqueous surface. Under these conditions, 
about 80% of the photophosphorylation activity was lost in 
the acetone extract after about 0.5 hr. 
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AREA/MOLECULE (SQUARE ANGSTROMS) 
Fic. 1. (left) Surface isotherm of pure chlorophyll a in the 
dark and air at 15°. An acetone solution of chlorophyll a was 
spread on a buffered aqueous surface (0.01 M Tricine, pH 7.8). 
Fig. 2. (right) Surface isotherm of the aqueous acetone ex- 
tract of spinach subchloroplast particles in the dark and air at 
15°. The extract was spread on a buffered aqueous surface 
(0.01 M Tricine, pH 7.8). 
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Fig. 3. An electron micrograph showing one of the particles 
present in the extract. These particles are about 200 A in di- 
ameter, and are present in the extract at a concentration of 1 per 
2 x 10° A. 


82P was acquired in the phosphoric acid form from Union 
Carbide Corp. (Sterling Forest, N.Y.). 1.0 mCi was dissolved 
in 250 ml of 1 mM Na,HPO, solution. 50-ml Aliquots of 
this solution were used as the sole source of inorganic phos- 
phate in the *P-esterification studies. **P Esterified was 
assayed by the method of Pullman and Monroy (15). 

All sample counts were referenced against a control sample 
taken from the trough before the monolayer was spread. 
This control sample was counted directly, without extraction 
for esterified **P, to give the specific activity of the 5 wmol of 
phosphate added. Molar concentrations in the assayed 
samples were then calculated by comparison of their counts to 
this value. 

Samples for electron microscopy were prepared by dipping a 
Formvar disc (Ladd Research, Burlington, Vt.) three times 
into the compressed film. The untreated grid was then ex- 
amined with a Philips 300 electron microscope (Einhoven, 
Netherlands). 

Desiccated firefly tails and apyrase (EC 3.6.1.5) were 
obtained from Sigma Chemical Company (St. Louis, Mo.). 
ATP production was assayed quantitatively by a luciferin- 
luciferase bioluminescence technique, similar to that described 
by Nielsen and Rasmussen (16). 


RESULTS 
Composition of extract 


In Figs. 1 and 2 are shown the isotherms of pure chlorophy!] 
a and that of the extract. The ratio of the surface areas of 
pure chlorophyll a to that of a known amount (by absorption 
spectroscopy) of chlorophyll a contained in the extract yields 
an estimate of the percent chlorophyll content. The average 
surface area per chlorophyll molecule in the extract at 
x = 10 dynes/em is about 530 A? and that of pure chlorophy]l 


a is 120 A®. The estimate of % chlorophyll content is then 
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Fic. 4. Variation of ATP in the aqueous subphase, as a func- 
tion of time in light and dark (solid triangles). As a control, ATP 
concentration in that portion of the subphase free of film is also 
shown (solid circles). A monolayer is formed at an air—water inter- 
face with an aqueous acetone extract of spinach subchloroplast 
particles. The subphase contains 0.01 M Tricine (pH 7.8), 10 
uM Na:HPO,, and 10 uM ADP; the temperature was maintained 
at 15°. The monolayer is irradiated either with cool-white fluores- 
cent lamps, (580 ergs cm~* sec™') or with a tungsten filament 
lamp (6.5 X 10‘ ergs cm~? sec™*). 


22%. Electron microscopy indicates the presence of a small 
particle present in the film at a concentration of 1 particle 
per 2 X 10° A? on the compressed surface. (Fig. 3). The 
particle is estimated to be 200 A? in diameter, containing 
smaller, more electron-dense particles that average about 
60 A in diameter. The remaining material on the surface is 
probably a mixture of other pigments, neutral lipids, and some 
lipoprotein. A microkjeldahl assay of the extract indicated 
the presence of about 20% protein residue by weight. 


ATP concentration 


The variation in ATP concentration under the film is shown in 
Fig. 4, (solid triangles). In the initial dark period, a slight 
decline is seen. Upon illumination there is a short lag period, 
followed by a rapid rise, which reaches a maximum after 
100 sec. This rise is followed by a slow decline, which reaches a 
steady state after 12 min. (Two light sources, with widely 
differing intensities, were used in these experiments. How- 
ever, no difference was observed in either the rate of or 
maximum amount of ATP production). The maximum ATP 
concentration attained by the system is estimated to be 35 
umol. As a control, ATP concentration in a section of the 
subphase not covered by the film is also shown in Fig. 4 
(solid circles). Point by point comparison of the ATP pro- 
duction curve and the control curve yields the net ATP 
production of the film. A preliminary estimate of the quantum 
yield for ATP synthesis (under low light intensity) gives 
values between 0.1 and 1. 

Compression of the film to a pressure greater than 10 
dynes/cm surface pressure is required in order to observe this 
increase in ATP concentration. 

Addition of phenazine methosulfate (0.06 umol/ml) to the 
subphase results in more than a doubled enhancement in ATP 
concentration, and a much slower decline after the initial 
rise (Fig. 5, open triangles). In Fig. 5 (solid triangles), a 
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Fic. 5. Comparison of the variation of ATP concentration 
in light and dark in the absence (solid triangles) and presence 
(open triangles) of phenazine methosulfate. The subphase for 
both curves contained 0.01 M Tricine, (pH 7.8), 10 ™M Na,HPO,, 
and 10 uM ADP. The subphase for the open triangle curve also 
contained 60 uM phenazine methosulfate. Films were prepared 
from acetone extracts of the same spinach subchloroplast par- 
ticles. 


control was provided by running another sample of the same 
extract on a subphase free of the reducing dye. 


3P Esterification 


The amount of **P esterified in the subphase is shown in 
Fig. 6 (solid triangles). After the initial burst of **P esteri- 
fication, there is a slow decline in the number of esterified 
counts. Fig. 6 (solid circles) indicates the esterified **P 
measured on a portion of the trough not covered by the film. 
The bulk of these counts are from a trace contaminant of 
inorganic pyrophosphate. Removal of pyrophosphate by 
filtration through activated charcoal gives values for Fig. 6 
(solid circles) close to zero, but does not significantly alter 
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Fic. 6. Variatjon of **P esterified in the aqueous subphase 
in light and dark, as a function of time (solid triangles). As a 
control, **P esterification of the film-free portion of the subphase 
is shown by solid circles. The aqueous acetone extract of spinach 
subchloroplast particles was spread on an aqueous subphase con- 
taining 5 4M Na,HPO, labeled with **P, 0.01 M Tricine (pH 7.8), 
and 10 1M ADP. The monolayer was compressed and irradiated 
with a tungsten filament lamp (6.5 X 10‘ ergs cm~? sec"). 
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Fic. 7. Comparison of the variations of ATP concentration 
relative to esterification of **P: solid triangles and open triangles, 
respectively. 


the variation in **P esterification measured in Fig. 6 (solid 
triangles). The maximum amount of **PQ, esterified occurs 
after 270 sec of illumination at 20°. The maximum of **P 
esterified is about 0.18 wmol. Addition of phenazine metho- 
sulfate (0.06 uzmol/ml) had no apparent effect on the amount 
or rate of esterification. 

However, light intensity was a critical factor for the 
esterification reaction. Utilization of the fluorescent light 
source with its output of only 580 ergs cm~? sec! gave little 
or no esterification. Therefore, all reactions were run with the 
100-W tungsten light source. 


DISCUSSION 


A comparison of the ATP produced (as determined by the 
firefly bioluminescence assay) and the amount of [*?P]- 
inorganic phosphate esterified is shown in Fig. 7. The maxi- 
mum concentration of **P esterified occurs after 270 sec of 
illumination at 20°, in contrast to the ATP concentration 
maximum (which occurs after 100-sec of illumination). 
There is also an apparent 5-fold difference between the 
concentration of ATP and esterified **PO,. 

The initial production of ATP in Fig. 7 (solid triangles) 
takes place with or without inorganic phosphate supplied in 
the subphase. It is, however, completely dependent on the 
presence of ADP in the subphase. It will be noted that there 
is very little change in the **P esterified (Fig. 7, open tri- 
angles) during this initial period of ATP production. It 
would seem that ATP is produced either by utilization of 
some endogenous source of inorganic phosphate, or by a 
transphosphorylation of the ADP supplied to it in the sub- 
phase. The stimulation of ATP production by phenazine 
methosulfate is an indication that this process is coupled to 
an electron transport system in the monolayer. The in- 
ability of the dye to stimulate **P esterification might imply 
that the process of esterification is not : limited by the 
electron transport system. Or, perhaps e interestingly, 
esterification might not be dependent on electron transport, 
but may funetion instead as a separate system. 

It has been proposed that photophosphorylation occurs as a 


_ two-step reaction (10). There is an initial myokinase-type 


reaction, in which two ADP molecules take part in a trans- 
phosphorylation to yield one molecule of AMP and one of 
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ATP. The second step is a phosphorylation reaction that is 
directly coupled to the electron transport chain, resulting in 
the formation of one molecule of ADP from one molecule of 
AMP and one of Pj. 

Our results seem to fit this hypothesis in that the initial 
production of ATP might readily be the result of a trans- 
phosphorylation and that the **P esterification later ob- 
served might be the result of AMP phosphorylation, since 
most of the esterified phosphate is in the ADP form. 


This work was supported in part by grants from NIH (EY- 
00173) and NSF (GB18354). We thank Mr. Monroe Yoder for 
assistance in preparation of the electron micrograph. 
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ABSTRACT The rate of hyaluronic acid and sulfated 
mucopolysaccharide production was measured for hamster 
embryo fibroblasts and for general oncogenic lines derived 
by virus transformation. A striking increase in both the 
rate of hyaluronic acid synthesis and the amount of cell- 
associated polymer was observed after transformation by 
herpes simplex type-2 or SV40 virus. Although no corre- 
sponding change was observed for the sulfated poly- 
saccharides, the proportion of heparan sulfate increased 
significantly after transformation. 





Recent reports from several laboratories have described effects 
on cell coat properties associated with virus transformation 
(1-3). In general, the morphologic observations have been 
attributed to changes in the content of those acid polysaccha- 
rides identified with the extracellular matrix—hyaluronic acid 
and a group of sulfated saccharides. Although differences in 
the rate of synthesis of cell coat have been observed for trans- 
formed cells (4), as a rule the polysaccharides involved have 
not been characterized. 

The present study describes the production and character- 
ization of mucopolysaccharides by normal and virus-trans- 
formed fibroblasts from hamster embryo under cell culture 
conditions. An attempt was made to differentiate material 
adhering to cell surfaces from that released to the culture 
medium, although only an operational distinction was used. 
In most of the experiments reported, [*H]glucosamine was 
used as a radioactive precursor for both nonsulfated (hyal- 
uronic acid) and sulfated (chondroitin sulfates, heparan sulfate, 
etc.) polysaccharides. 

The identification of the polysaccharides was based on elu- 
tion behavior from cetylpyridinium chloride precipitates (5), 
high-voltage electrophoresis, enzyme susceptibilities, and 
characterization of the amino sugar component after acid 
hydrolysis. Table 1 illustrates the results obtained for several 
polysaccharides under consideration. 


MATERIALS AND METHODS 


Syrian hamster-embryo fibroblasts cells (inbred LSH strain, 
Lakeview Hamster Colony, New Field, N.J.) were prepared 
by dispersion of 13-day-old embryos with 0.25% trypsin. The 
dispersed cells were grown in medium 199 supplemented with 
10% tryptose phosphate broth, 10% fetal-bovine serum, and 
0.075% NaHCO;. Primary African green monkey kidney cells 
were also prepared by dispersion with 0.25% trypsin, and 
grown in Eagle’s medium (BME, Flow Laboratories Inc.) 
with 10% fetal-calf serum and 0.075% NaHCOs. 


* To whom reprints requests should be addressed. 


The H-50 cell line was developed from a Syrian hamster 
tumor that was originally induced by SV40 (6). H-50 cells 
contain the SV40 T and transplantation-rejection antigens, 
and induce tumors when reinjected into weanling Syrian ham- 
sters. They do not produce infectious virus. The cells were 
maintained in the identical manner as primary hamster em- 
bryo fibroblasts. The SV40-transformed BSC-1 cells are the 
results of the transformation of a stable line of African green 
monkey kidney cells (BSC-1) by SV40 (7). These cells syn- 
thesize the SV40-specific tumor antigen, the surface antigen, 
and the transplantation antigen; however, SV40 capsid anti- 
gen is not synthesized (8). BSC-1 (SV40) cells were grown in 
Eagle’s medium (BME) supplemented as described above. 

Hamster-embryo fibroblast cells were transformed (9, 10) 
by herpes simplex virus type-2. The 333-8-9 T no. 1 cells were 
maintained in medium 199 with the same supplements as used 
with normal fibroblast cells. Herpes virus-specific antigens 
are present in the 333-8-9 T no. 1 cells, which were developed 
from a tumor induced in a weanling Syrian hamster by the 
virus-transformed cells. 

For polysaccharide analysis, cell cultures were maintained in 
medium 199 supplemented with 10% fetal-calf serum and 
10% tryptose phosphate broth. The cells were passaged at 3- to 
4-day intervals. Exposure to isotopically labeled glucosamine 
((8H Jglucosamine, 10 uCi/ml final concentration, 3 Ci/mmol, 
New England Nuclear Corp.) was for 24 hr; 10° cells were 
used in the same medium with dialyzed serum. In a rate 
study, cells were labeled for 4 hr with 10 wCi/ml of [*H ]gluco- 
samine, then the medium was removed and replaced with fresh 
medium containing an equivalent concentration of unlabeled 
glucosamine (1.6 pmol/ml). Cell and medium samples were 
collected at several intervals thereafter. 

Medium was decanted from the cells and the cells were re- 
moved from the glass substrate by brief exposure to 0.1 mM 
EDTA or by mechanical means. The cells were collected by 
centrifugation and washed once with isosmotic phosphate- 
buffered saline (pH 7.3). The wash was combined with the 
decanted medium. 

After the addition of 2.5 mg (each) of unlabeled hyaluronic 
acid and chondroitin 4-sulfate as carrier, the mucopolysaccha- 
rides were isolated by precipitation with excess cetylpyridin- 
ium chloride after 18 hr of digestion with 1 mg/ml of Pronase 
at pH 6.5 and 37°, 18 hr of exposure to 0.1 N NaOH, 
and dialysis against H.O to remove peptides and glyco- 
peptides. The cetylpyridinium-chloride precipitate was 
washed with 30 mM NaCl, and sequentially extracted with 
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TaBLe 1. Characterization profile of mucopolysaccharides 





Cetylpyri- 
dinium 
chloride 
elution Enzyme 


(M NaCl) susceptibility Amino sugar 





Glucosamine 
Galactosamine 


Haluronic acid 0.4 
Chondroitin 4-and6- 1.2 
sulfate* 


Hyalur~nidase 
Hyaluronidase: 
chondroitinase 
ABC 
Flavobacterium 
heparinase 
Flavobacterium 
heparinase 


Heparan sulfatet Glucosamine 


Heparint Glucosamine 





* Differentiated by both chemical and enzymatic hydrolysis 
susceptibility of the sulfate ester grouping. 
t Contains N-sulfate as well as O-sulfate. 


0.4 M NaCl, 1.2 M NaCl, and, in some preliminary experi- 
ments, 2.0 M MgCl. The MgCl, extracts invariably contained 
insignificant radioactivity and were not studied further. The 
NaCl eluates were freed of cetylpyridinium chloride by dialysis 
before further analyses. 

Electrophoresis was performed in pyridine-formic acid, 
(pH 3.0), on cellulose acetate strips for 30 min at a current 
of 0.22 mA/cm. Standards for hyaluronic acid and the 
chondroitin sulfates were prepared in this laboratory. The 
position of the standards was revealed by staining with Alcian 
Blue; the experimental strips were sectioned and assayed 
for radioactivity by scintillation counting. In all cases, the 
results obtained corresponded to those expected on the basis of 
the cetylpyridinium chloride elution profile. It should be noted 
that the sulfated polysaccharides (e.g., chondroitin 4- against 
6-sulfate) are not distinguished by this procedure. We are in- 
debted to Dr. Alfred Linker for an authentic sample of heparan 
sulfate. 

Hyaluronidase susceptibility was observed by measurement 
of dialyzable radioactivity after 24 hr of digestion at pH 5.0 
and 37° with 300 turbidity-reducing units of Worthington 
testicular hyaluronidase. Similar conditions were used for 
chondroitinase ABC and a flavobacterium heparinase obtained 
through the courtesy of Dr. Alfred Linker. 

The amino sugar composition of the various fractions was 
measured after 24 hr of hydrolysis in an evacuated tube in 6 N 
HCl. Samples were resolved on a Beckman 120C aminoacid 
analyzer; a stream-splitting attachment was used. The radio- 
activity associated with the glucosamine or galactosamine 
peaks was determined by counting aliquots in a liquid scintil- 
lation counter in a toluene—Triton mixture as solvent and 2,5- 
diphenyl oxazole(PPO)-1,4-bis [2-(5-phenyl oxazole) |-ben- 
zene POPOP (40:1) as scintillators. 

Estimates of molecular size are based on chromatography 
on porous glass beads with oligo- and polysaccharide samples 
of known degree of polymerization as standards. The glass 
beads were obtained from Corning Glass, Inc. The details of 
this technique will be published elsewhere. 


RESULTS AND DISCUSSION 


The effect of virus transformation on mucopolysaccharide 
production by hamster-embryo fibroblasts is notable in that 
there is a striking increase in label in the hyaluronic acid frac- 
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TABLE 2. Mucopolysaccharide production by normal and 
transformed cells 





Sulfated 
polysaccharides 


Medium 


Hyaluronic acid 


Cell line Cell 





Medium Cell 





Hamster-embryo 
fibroblasts 

333-8-9 T no. 1 

H-50 96, 300 655, 800 


43, 800 262,700 111,600 683 , 200 
463,000 8,578,900 107,000 1,042,000 
13, 200 918,500 





The radioactivity incorporated into the identified fraction 
after exposure of 10* cells to 5 wCi/ml of [*H)glucosamine for 48 
hr under standard culture conditions. The sulfated-fraction 
radioactivity is based on high-voltage electrophoresis after elu- 
tion from cetylpyridinium chloride. Both glucosamine and galac- 
tosamine were present, suggesting the presence of heparan sulfate, 
as well as a chondroitin sulfate (see Table 4). 333-8-9 T no. 1: 
hamster-embryo fibroblasts transformed in vitro by herpes 
simplex virus type-2, cell line recovered from tumor, carried in 
culture, 13th passage: H-50:hamster tumor induced by SV40, 
cell line recovered from tumor, carried in culture, 46th passage. 
Both transformed lines are oncogenic. The counts identified as 
hyaluronic acid represent those eluted from the cetylpyridinium 
chloride precipitate with 0.4 M NaCl. These fractions were 
completely (>95%) digested by hyaluronidase, and all radioac- 
tivity was associated with glucosamine; galactosamine was not 
present. 


tion without a corresponding effect on the sulfated polysac- 
charide components. Data are summarized in Table 2. Since 
incorporation of precursor into product under the conditions 
of this experiment must represent a composite of both synthe- 
sis and degradation, a time-course study was performed in an 
attempt to better define the nature of the observed effect. The 
data, shown in Table 3 and Fig. 1, clearly demonstrate an 
increase in the rate of glucosamine incorporation into hyal- 
uronic acid of about tenfold that persists after 24 hr, and also 
suggest that greater amounts of the hyaluronic acid remain 
associated with the cells after viral transformation, although 
the nature of this association is unknown. 

Although the amount of isotope incorporated into the sul- 
fated fraction was not significantly different from that in con- 
trol cells, and the characterization of this fraction is not com- 
plete, several facets are of interest. Examination of the data 
presented in Fig. 1 suggests a significant effect on the rate of 
sulfated polysaccharide synthesis during the 4-hr period after 
a medium change. In addition, there is an indication of some 
turnover of this fraction at extended time periods, a finding 


TaBLe 3. Rate of hyaluronic acid synthesis 





Cell Medium 


0 Hr 4 Hr 0 Hr 4 Hr 





HEF 5,300 9,000 8, 100 


38, 900 


333-8-9 T no. 1 82,400 95,600 95, 600 98 , 300 





Rate of hyaluronic acid synthesis by normal and transformed 
fibroblasts. 10° Cells were labeled for 4 hr by exposure to 10 
uCi/ml of [*H)glucosamine. At “zero time,” fresh medium con- 
taining a comparable concentration of unlabeled glucosamine was 
added, and the cells were incubated for an additional 4 hr. 
333-8-9 T no. 1 cells are herpes-transformed cells (see Table 2). 
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CPM x1o73 














Fic. 1. Rate of hyaluronic acid and sulfated mucopoly- 
saccharide production by hamster-embryo fibroblasts and a cell 
line transformed by herpes virus type-2, 333-8-9 T no. 1. O——O, 
[*H]glucosamine incorporation into total hyaluronic acid by 
control cells: a——a, [*H]glucosamine incorporation into total 
hyaluronic acid by transformed line 333-8-9 T no. 1; A——A, 
[°H]glucosamine incorporation into total sulfated polysaccharides 
by control lines; #——®, [*H]glucosamine incorporation into 
total sulfated polysaccharides by 333-8-9 T no. 1 cells. 


that was not observed in several experiments with transformed 
cell lines. An apparent result of in vitro SV40 transformation 
on a line of monkey kidney cells was to cause a change in 
the average molecular size of the sulfated polysaccharide frac- 
tion and, concomitantly, to cause a marked increase in the 
proportion of heparan sulfate in this fraction. A similar effect 
was observed for herpes-transformed hamster-embryo fibro- 
blasts. Data are summarized in Table 4. 

Although accurate molecular weights cannot be determined 
for most of the isolated samples due to material limitations, 
size estimates were made based on behavior of the poly- 
saccharide samples on columns of porous glass beads. In gen- 
eral, both the hyaluronic acid and the sulfated polysaccharides 
appeared altered in molecular size after viral transformation. 
The possibility of a degradative activity associated with un- 
transformed lines cannot be excluded, either by these observa- 
tions or by the rate studies. In addition, since this study was 
focused on the saccharide moieties, we have no information 
regarding effects on covalently associated protein, a normal 
constituent of at least the sulfated proteoglycans. 

Several laboratories have observed alterations in cell-sur- 
face polysaccharides coincident with a transforming event. 
Changes in cell-coat thickness and rates of formation (4) have 
been reported, although the identification of the associated 
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TABLE 4. Properties of sulfated polysaccharide fraction 





% Low 
molecular 


weight % Heparan sulfate 





Green monkey kidney 
BSC-1 (SV40) 

Hamster embryo fibroblast 
333-8-9 T no. 1 





% Low molecular weight is based on the fraction of radioac- 
tively labeled material eluting after standard chondroitin 4-sulfate 
(molecular weight = 14,500) on a 0.9 X 50 em column of CPG- 
240 porous glass beads with 0.5 M CaCl, as eluting solvent. If the 
profiles overlapped completely, the percentage of low molecular 
weight material is assumed to be 50. Heparan sulfate content 
is an estimate based on hyaluronidase-resistant, heparinase- 
sensitive material remaining after dialysis. BSC-1 (SV40), a stable 
line of monkey kidney cells (BSC-1) transformed by SV40 virus; 
333-8-9 T no. 1 cells are described in Table 2. 


macromolecule was limited to those able to bind electron-dense 
stain (ruthenium red) (11) or to purely physical observations 
(4). Similarly, the presence of heparan sulfate in several tumor 
cell lines has been reported, but direct comparison with control 
cells has not been reported (12, 13). 

The physiological role of these mucopolysaccharides re- 
mains unknown, as does the nature of their association with 
the cell, but it is suggestive that selective differences in ex- 
pression are found in the transformed lines. The possible 
association between the marked change in hyaluronic acid 
content and phenomena such as contact inhibition needs fur- 
ther study. 


This study was supported by Contract no. 70-2024 within the 
Special Virus Cancer Program of the National Cancer Institute, 
National Institutes of Health, USPHS and by Grant AM12074 
from the National Institute of Arthritis and Metabolic Diseases, 
USPHS. 
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ABSTRACT It is readily apparent upon examination 
and comparison of organisms of the same and related 
species that to a large extent genes control morphological 
features. One means to ascertain the role and degree of 
genetic control is to study in detail the anatomy and de- 
velopment of a particular structure, say an identifiable 
neuron, in a population with a fixed genome, and at 
different stages of morphogenesis. The small crustacean, 
Daphnia, is well suited for this type of study, since it 
reproduces parthenogenically, its development is easily 
staged, and its nervous system is reasonably simple. In 
this paper comparisons of detailed morphology of neurons 
in the visual system of adult Daphnia magna are consid- 
ered. Results indicate that gross features of the system are 
reproduced within the clone, but some of the finer details 
are not reproduced. 





Even a casual observation of identical twins makes it clear 
that the morphology of an organism is largely determined by 
its genes. However, the observation of gross similarities raises 
a host of questions concerning the control of morphology at 
the cellular and possibly even at the subcellular level. It 
seems likely that an understanding of the mechanisms by 
which genes determine shape will require detailed knowledge 
of the extent to which structural similarities extend to the 
small features of organs and even cells. Furthermore, examin- 
ing the variations that can be induced in genetically identical 
animals by changes in their environment should make it pos- 
sible to put limits on the extent to which genetic control is, 
in fact, a rigid determinant of form. In order to obtain the 
equivalent of many identical twins, we have been examining 
clones of organisms that reproduce parthenogenically. In a 
series of papers of which this is the first, we will consider 
several rather specific questions concerning the anatomy and 
development of the visual system of Daphnia magna. This 
small crustacean is a diploid organism, which reproduces 
parthenogenically as long as it is well-fed, uncrowded, and 
growing in a constant light-dark cycle. 

The compound eye of Daphnia consists of 22 ommatidial 
structures arranged in a raspberry fashion, each consisting of 
a crystalline cone and eight receptor cells. Each of the 176 
receptor cells sends a fiber to the optic ganglion where the 
fibers make primary contact with a set of 110 neurons. Thus, 
we are dealing with a relatively small optic system in which 
each cell and each fiber can be well identified from animal to 
animal; in fact, the same fibers and cells can be identified at 
various stages during embryonic development of an organism. 

With this system we have been trying to answer several 
specific questions: 

(a) To what extent is there variation in the morphology of 
particular cells when they are examined in different but ge- 


netically identical animals raised under identical environ- 
mental conditions? 

(b) Within the same animal, how 
anatomy of a particular cell match the mirror image of its 
bilaterally symmetric mate? 

(c) Mathematically bilateral 
break down when fibers cross the midplane of an animal. Is this 
breaking down of symmetry a feature that occurs in the same 


precisely does the 


precise symmetry must 


way in different organisms? 

(d) What is the sequence of developmental steps leading 
to the adult structure of the visual system, and is this sequence 
unique and reproducible within the clone? 

(e) What clues concerning the means by which particular 
cells make specific connections can be obtained by following 
the progress of a particular neuron during its development? 

These, as well as other questions, will be the subject of this 
and following papers. In this first paper we will present some 
results that bear upon questions (a) and (6), as well as some 
descriptive background of our system and technique that will 
serve as a basis for future papers. 

Several studies of the anatomy of the visual system in 
various species of Daphnia have appeared in the literature. 
A thorough description of the general anatomy of D. magna 
has been published by Klotzsche (1), and major contributions 
on the genetics of different species have been made by Banta 
and collaborators (2). Of special interest in relation to our 
anatomical studies are the physiological experiments of Water- 
man (3) and others with the Daphnia visual system. Recently, 
several ultrastructural studies have been published that deal 
with the fine structure of the optic ganglia and the compound 
eye of D. pulex and D. magna (4-6). None of these studies 
dealt with the question central to this paper. However, their 
observations with respect to structures discernible in indi- 
vidual micrographs are in agreement with our own. 


MATERIALS AND METHODS 


Our starting culture of D. magna was obtained from the labora- 
tory of T. H. Waterman. The present individuals are derived 
from the parthenogenic offspring of a single female. The cul- 
ture is kept in a 24°C incubator with a 12-hr light-dark cycle 
(fluorescent lighting), at a maximum density of 10 adults 
per 100 ml of medium (0.2 g/liter of NaHCO; 25 mg/liter of 
K.SO,; 0.22 g/liter of CaCl,-2H,O). The medium is changed 
every other day, at which time the animals are fed WT Chla- 
mydomonas reinhardi, grown by innoculation of agar slants in 
SG2 medium (7). Under these growth conditions we have not 
observed any males or the laying of any resting eggs. 

The animals chosen for the studies described in this report 
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were large adults, about 4 weeks old. No attempt was made to scribed in the next paper. The animals to be studied are re- 
choose animals in the same instar. Careful staging is neces- moved from the medium, placed on wax plates, and cut in 
sary, however, in our developmental studies and will be de- half to facilitate penetration during fixation and embedding. 
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Fic. 1. (a) Lateral view of the visual system of a live Daphnia magna, showing the cyclopic eye (1), fibers (2), optic ganglion (3), 
anterior surface of the supraesophageal ganglion (4), and ocellus (5). The arrows show the levels of the micrographs in (d) and (e). (b) 
Computer reconstruction of the eye and optic ganglion from micrographs of serial sections; lateral view. The lines joining the eye and 
optic ganglion each represent a bundle of eight fibers. (c) Frontal view of the computer reconstruction, in this case also showing the loca- 
tion of the receptor-cell nuclei in the eye and the lamina-cell nuclei in the optic ganglion. Note that in this view one can see the two lobes 
of the optic ganglion quite clearly. (d) Electron micrograph of a thin section in the eye, showing some rhabdoms along the midplane. The 
cross-hatched cells are D2 on left (top) and right. The two groups of accessory cell fibers can be seen along the midline, on both sides of 
the rhabdoms that include cells D2. (e) Electron micrograph of a section in the optic ganglion, showing the 22 bundles of 8 fibers entering 
the lamina. Lamina ' cells and their nuclei are readily seen. The two cross-hatched fibers are the axons of cells D2 from (d). (f) High-power 
electron micrograph showing synaptic junctions in the neuropil of the optic ganglion. Vesicles fill the receptor cell terminal, which is pre- 
synaptic to a lamina cell process. Bar in (b) is 100 um, also (a) and (c). Bar in (e) is 100 um, also (d). Bar in (f) is 0.2 um. 
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Immediately after cutting, the heads are placed into a 1% 
solution of OsO, in dichromate buffer (0.70% K2Cr.0;) con- 
taining 0.85% NaCl. After an hour in the solution, the speci- 
mens are rinsed three times in buffer, then in 50% ethanol, 
stained in a uranyl acetate solution (0.5% in 50% ethanol) 
for 45 min, dehydrated with ethanol and propylene oxide, and 
embedded in Epon 812. The entire process is performed at 
room temperature (24°C). Serial sections about 1000 A thick 
are cut on a Sorvall MT2B ultramicrotome and picked up on 
copper grids with a 1 mm X 2 mm hole previously covered 
with a formvar film coated with carbon. The top face of the 
trapezoidally trimmed epon block is coated with a glue con- 
sisting of Scotch tape adhesive dissolved from the tape with 
chloroform, so that the serial sections form ribbons during the 
cutting. Groups of from 5 to 10 sections are picked up on each 
grid. After post-staining with lead citrate, the sections are 
photographed on Kodak microfilm with a Zeiss EM-9S elec- 
tron microscope modified for very low magnifications. Serial 
thick sections (1 um) are cut and mounted on glass slides, 
stained with toluidine blue, and photographed with an optical 
microscope. 

The original negatives are aligned and copied sequentially 
onto a 35-mm microfilm strip by use of an image combiner 
somewhat different from the one described by Levinthal and 
Ware (8). In this newer model, three stages are mounted at 
120° on a rotating table; two can be viewed simultaneously 
and aligned, the third is photographed. After each negative 
is aligned, the table is rotated, a frame of the movie is exposed, 
the next negative is aligned, and so on. (A major feature of 
the new device was suggested to us by Dr. Sydney Brenner, 
who has markedly improved the version described by Levin- 
thal and Ware.) The 35-mm movie of aligned serial sections is 
then projected onto a ground-glass screen at right angles to the 
computer oscilloscope screen, both being viewed in superposi- 
tion with the aid of a half-silvered mirror at 45° to them. The 
recording of information from each section of tissue proceeds 
approximately in the manner described by Levinthal and 
Ware; however, the present version of the computer system by 
which this recording is made has been considerably modified. 
A detailed description of the software and hardware involved 
will appear elsewhere. 

ORGANIZATION OF THE VISUAL 
SYSTEM OF D. MAGNA 
The visual system of D. magna consists of a compound eye, 
an optic ganglion, which receives input from the compound 
eye and sends fibers to the central ganglion, and an ocellus, 
which connects directly to the central ganglion. The ocellus, 
which consists of some dozen pigmented cells, was not studied 
in any detail and will not be mentioned further. A light micro- 
graph of the visual system is shown in Fig. la. The correspond- 
ing computer reconstruction is shown in two positions in Fig. 
1b and c; Figure Ic also shows the location of the receptor- and 
lamina-cell nuclei. The eight receptor cells in one ommatidium 
that are filled with pigment granules surround the cone, and 
all contribute to the fused rhabdom. In any one section per- 
pendicular to the axis of the ommatidium, only seven cells 
appear to contribute to this structure. Our serial section recon- 
structions, however, show that the eighth cell displaces one of 
the other cells about half-way back in the rhabdom, and that 
this cell also has a rhabdomere. The cross-section of the rhab- 
dom is rectangular, with two end rhabdomeres and six lateral 
ones, two on one side and four on the other (Fig. 1d). The micro- 
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villi of the end cells and the lateral cells are perpendicular to 
each other and to the ommatidial axis. The reccptor-cell nuclei 
are located near the surface of the eye, with the processes of 
these cells travelling centripetally to form the optic nerve. A 
laver of flat accessory cells lies between the crystalline cones at 
the surface of the eye. Two groups of small accessory cells, num- 
bering about 10 cells each, send bundles of fibers from the sur- 
face of the eye to the center. These two groups lie on the midline 
of the eye, setting off the two central symmetric ommatidia, 
and providing an easy marker for the identification of these 
structures (Fig. 1d). 

The 22 ommatidia consist of 176 receptor cells, 88 on each 
side of the midplane. Embryonically, this single compound 
eye appears to form at two loci, symmetrically located about 
the midplane, that later fuse into a single structure. In the 
adult, the receptor cells are arranged in an accurately mirror- 
symmetric fashion. This bilateral symmetry, however, does 
not hold for the accessory cells mentioned above that lie 
directly on and along the midline. 

We have not found any synaptic or other specialized con- 
tacts between receptor cells in the eye itself. The processes 
from each cell, although in appearance touching other pro- 
cesses, make synaptic contacts only in the neuropil of the 
optic ganglion. We have not investigated the structure of the 
fused rhabdom in detail, and hence cannot altogether exclude 
cross-talk at this level in the eye, although random searches 
in single blow-ups of individual rhabdoms indicated a physical 
separation between rhabdomeres. 

As the optic nerve exits posteriorly from the compound eye, 
it splits into 22 fascicles, each containing the eight processes 
from a single ommatidium. There are no cross-overs from 
different ommatidia, as is the case in some insects with un- 
fused rhabdomeres. The 22 fascicles travel separately and 
diverge slightly from each other until they reach the optic 
ganglion, which they enter through a set of port-holes, each 
formed by 5 lamina neurons (see Fig. le). 

The optic ganglion is a two-lobed structure with fused lobes 
symmetrically located about the midplane. A single layer of 
cells forms an anterior group, the lamina, with perikarya on 
the surface and processes that grow backward into the neuro- 
pil. This group is well separated from the posterior group, the 
medulla, by a ring of glial cells. The lamina contains 110 neu- 
rons; 5 neurons asseciate with each of the 22 fascicles. There 
are over 200 neurons in the medulla. 

The lamina cells are arranged in the right and left lobes in a 
bilaterally symmetric fashion. A particular cell can always be 
identified by the position of its perikaryon in its quintet, as 
well as by its shape, level of branching, or connectivity pattern. 
Furthermore, its mirror symmetric counterpart in the other 
lobe has a symmetric structure except in the detailed anatomy 
of its branching pattern, as discussed below. For example, 
lamina neuron R4 (right side) is the only one of its quintet 
that has multiple branches leaving the perikaryon; the other 
four first form a parrow process, which branches further in the 
neuropil. Neuron L4 (left side), which occupies the mirror 
position, also branches from the perikaryon. The fact that any 
one neuron has a clear and unique geometric and connectivity 
signature is what permits the study of reproducibility from 
one specimen to the next. 

The lamina neurons branch at a specific depth in the neuro- 
pil, but send a main process through and into the medulla re- 
gion where they branch again. They receive their synaptic 
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Fic. 2. (a) Computer reconstruction of a receptor-cell syn- 
aptic terminal. The cell body and the rest of the axon would 
extend above the figure. The bar is 10 um. (b) Schematic repre- 
sentation of the branching sequence of the fiber shown in (a), 
but on the left (L) and right (R) of four specimens (I, II, III, and 
IV). The order, position and relative lengths of branches are 
maintained, but some angular distortion was necessary to avoid 
overlaps. 
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inputs mostly from one or two receptor cells, and make few or 
no synaptic contacts with other lamina cells. The receptor- 
cell processes show two types of behavior in the lamina uro- 
pil. Some in each bundle increase in volume and branch out 
profusely, making synaptic contact with specific lamina cells; 
others appear to go right through, making few or no connec- 
tions. This behavior for any particular receptor cell is repro- 
ducible from organism to organism. 

The neuropil itself is extremely complicated, because of the 
extensive interdigitation of the various processes. All space not 
occupied by neuron processes is filled by glial processes. These 
appear to isolate regions of synaptic contact of different pairs 
of cells, as well as neural processes that are passing through 
without making synaptic contacts. The synapses are mostly 
of the classic parallel type (Fig. 1). 


BRANCHING PATTERNS 


Between the eye and optic ganglion the receptor cell axons 
have diameters that range between 2 and 4 um. Within the 
neuropil, the axons increase in size 2- or 3-fold, and send out 
branches in various directions. The shape of the terminals is 
very irregular and very different for each of the eight axons, 
as is also the case for the lamina-cell processes. An example of a 
computer reconstruction of a retinular axon terminal is shown 
in Fig. 2a. We have performed such three-dimensional recon- 
structions in detail for two adjacent groups, symmetrically 
located about the midline, in four animals. The structures of 
the 16 receptor-cell terminals and the 10 associated lamina 
cells were recorded both as surface contours and as branching 
line patterns (see ref. 8), and the location and direction of 
identifiable synapses were noted. The volume of neuropil 
studied in great detail is about 20 x 40 X 15 um‘. Some axons 
terminate within this volume, and some continue through to 
the medulla region. 

A great deal of variation is evident when the fine structure 
of a specific terminal both from left to right and from animal 
to animal is compared. This can be seen in Fig. 2b, where the 
branching patterns of a specific cell are shown schematically 
for the right and left sides of four different animals. (This is a 
cell that ends within the volume studied.) It is apparent from 
this figure that both the number and sequence of branches are 
variable. The differences are easily observed in the original 
three-dimensional recordings, which contain information such 
as angular distribution of branches that is difficult to represent 
schematically in two dimensions. 


SYNAPTIC PATTERNS 


The synapses found within the volume of the neuropil that 
we studied are classified as to whether they are pre- or post- 
synaptic with respect to the receptor cell in order to obtain a 
connectivity matrix. Such a matrix, for one group of receptor 
axons and associated lamina cells on one side of the optic 
ganglion of one animal, is presented in Table 1, which lists 
numbers of synapses between pairs of cells. The receptor cells 
(D1 to D8) make synapses with each other and with the lamina 
cells (R1 to R5). Some of the synapses involving a particular 
identified cell are to or from cells whose structure has not been 
traced. These are designated Y and X in Table 1. Tracing 
has been performed and the matrices have been constructed 
for the symmetric cells in the opposite side of the animal re- 
corded in Table 1, and for both sides in three other animals. 
A summary of the data on the connectivity of receptor-cell 
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TABLE 1. 
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Connectivity matrix for one group of eight receptor cells (D1 to D8) and the corresponding group 


of lamina cells (L1 to L&) 
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X and Y are unidentified processes. The numbers are the identified synapses between the corresponding pair of cells. The numbers under- 
lined appear to be the principal connections in the volume of neuropil studied (Specimen ITI, left side). 





axon D2 on the left and right of four animals is given in Table 
2. It should be noted that the axon of cell D2 ends within the 
volume studied, and therefore the table lists all its synaptic 
connections onto lamina cells. 

The data on the synaptic connectivity of the same group of 
cells on the right and left of the optic ganglion of four adult 
Daphnia indicates that, whereas the number of synapses be- 
tween a pair of cells may vary from animal to animal, the over- 
all pattern shows certain regularities. If we divide cell-cell 
interactions into three groups, (a) no synapses, cells topologi- 
cally separate, (b) few synapses or zero, but cells touching and 
synapses possible, and (c) many synapses, that is, 15 or more 
synapses between the cells, we then find that the three groups 
are the same in all of the specimens studied. The variation in 
numbers of synapses is partly related to the variation in mor- 
phology of the synaptic terminal. This can be seen by compari- 
son of Fig. 2b and Table 2, which give the branching pattern and 
synaptic pattern of cell D2 in the four animals. In general, an 
increase in branching is accompanied by an increase in synap- 
ses. 

DISCUSSION AND CONCLUSION 
The use of isogenic members of a single parthenogenic clone in 
these experiments gives us reasonable assurance that any dif- 
ferences we observe are not due to genetic variation. How- 
ever, we have no reason to postulate that the differences 


TABLE 2. Connectivity matrix for cell D2, for four specimens 
(I to IV) on the left (L) and right (R) sides of the neuropil 





Post-synaptic cell 





Specimen 


I L 10 0 54 
R 8 0 
II L 9 0 65 
R 0 36 
L : 0 18 
R ‘ 0 22 20 
L 0 41 54 
R } 0 44 45 


Side 


1 2 3 4 





The post-synaptic cells are either those belonging to the 
associated lamina group (1 to 5) or unidentified (Y). The numbers 
are the identified synapses; the number zero also indicates here a 
topological separation, and hence no possible synapses. 


observed in randomly selected members of a single species 
would be significantly greater. The use of isogenic animals 
means that we can defer consideration of genetically deter- 
mined variation and concentrate for the present on the effect 
of environmental differences on the organisms. 

As long as the position of cell bodies and the branching and 
synaptic pattern of nerve fibers are recorded to a resolution of 
a few micrometers, then great similarities are observed in dif- 
ferent animals of the same cone and bilateral symmetry is 
observed between corresponding cells in the two sides of the 
same animal. However, when the branching and synaptic pat- 
terns are examined at levels of resolution ranging from a few 
tenths to a few micrometers, then significant variations are 
observed that seem to be approximately as great when com- 
paring the two sides of the same animal as when comparing 
different members of the clone. There is, however, no reason to 
believe that these variations will be reflected in any physio- 
logical or behavioral observations, since they apparently cor- 
respond to differences in the strengths of interaction between 
specific cell pairs rather than the formation of new interactions. 

Thus, our observation suggests that the location of, and the 
individual cells that contribute to, synaptic complexes in 
Daphnia are rigidly determined at least within a genetically 
identical clone. On the other hand, the synaptic and branching 
patterns that occur over distances of a few micrometers, as 
fibers terminate within a complex, seem to reflect the noise 
level of the genetic control of structure. 
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ABSTRACT The exact kinetics of a 10 X 10 Ising sys- 
tem (periodic boundary conditions) with two-state chan- 
nels arranged in a square lattice was studied by computer 
simulation. With all three values of the cooperativity 
parameter used, no induction in the K*-current curve was 
obtained. This confirms one of our previous conclusions 
concerning K* channels in the squid axon membrane: 
models with interacting channels arranged in a two- 
dimensional lattice (Adam’s model) are apparently ex- 
cluded. Other topics included: equilibrium properties; 
short-range pair correlation functions; phase transition. 





In a previous paper (1), we investigated the exact kinetics 
of 2 X 2,2 X 3, and 3 X 3 square Ising lattices with periodic 
boundary conditions to simulate Adam’s model (2, 3): two- 
state (open and closed) K+ channels arranged in a two-di- 
mensional lattice with nearest-neighbor interactions between 
channels. It was shown that this model failed to generate 
induction or satisfactory superposition behavior, and there- 
fore is presumably not applicable to K+ transport across the 
nerve membrane. However, it is possible that one could be 
misled in the representation of a very large patch of channels 
by such small numbers as above. In this paper, we report 
the calculation of the kinetics of a much larger lattice, 10 
Xx 10 with periodic boundary conditions, in order to extend 
the generality of the conclusion reached before with respect 
to induction behavior. 

A system containing z channels in a lattice, each of which 
may be open or closed, has 2? possible system states. In order 
to study the exact kinetics of this system with z = 100, a 
tremendous number of first-order differential equations would 
have to be solved. The formal matrix diagonalization method 
used before (1, 4) is not feasible in this case; both the com- 
puting time and computer memory needed would be too large. 
Therefore, the calculations were performed on a computer 
by Gordon’s dynamic simulation (Monte Carlo) method 
(5). To check the program, the empirical results so obtained 
were first compared with some of the known exact properties 
of an infinite Ising system at equilibrium. The kinetics at 
three cooperativity strengths, s = 0.7, 0.5, and 0.4, was then 
investigated. 

We refer the reader to similar work by Ogita et al. (6) in 
which Markov chains generated in discrete time steps were 
used to simulate the kinetics of an Ising system. However, 
their method is less efficient than the present procedure (5). 


THE MODEL AND SIMULATION 


Consider a 10 X 10 square lattice in which each site (channel) 
has four nearest neighbors. Each channel can be in one of two 


states, i (closed) and i (open). The first row of the lattice 
is considered to be adjacent to the last row and the first column 
is considered to be adjacent to the last column (periodic 
boundary conditions). The notation for rate constants and 
nearest-neighbor interaction energies is the same as in the 
asymmetric (Adam) Schemes 8, 9, and 10 of ref. 1. Thus, the 
rate constants for the change in state of some particular chan- 
nel are 


(t —> it) ky = as?! [1] 
(tt _> t) kn = 8 [2] 


c 


where N, is the instantaneous number v! nearest neighbors 
to the particular channel that are in stave t (0 < N, < 4) and 


s; = ee/ar w= Wy + We — 2wr. 


Here wy is the i — 7 pair interaction energy, etc. Of course 
N, fluctuates with time, but this is taken into account in the 
following procedure. 

A state of the entire system is determined by the configura- 
tion (i.e., specification of state i or i for each channel) of 
the lattice. When the system is in any given state, !, z possible 
events may occur, yielding a transition to a different system 
state m, by changing the state (¢ or it) of some one channel 
in the lattice. Eqs. 1 and 2, together with the complete con- 
figuration of the lattice, provide the z rate constants that 
are operative here. We follow Gordon (5) in using a random 
number generator to decide which event actually occurs and 
in assigning a mean time interval (At,) to the event. 

If some property of the system X (e.g., the number of open 
channels) has the value X; in system state /, then at equi- 
librium (t ~ ©) the mean value of X is the time average 


X = 2X Kat) 2(an) [3] 


where the sum is over a consecutive sequence of a very large 
number (e.g., tens of thousands) of system states. 

If the system is not at equilibrium, we could follow by 
computer the event by event values of X, and (At),, and thus 
be able to plot X(t). However, this is inconvenient and un- 
necessarily detssled. Instead, we can group together a con- 
secutive seque.ce of a relatively small number of system 
states (say of order 10 or 100) and assign an average X from 
Eq. 3 to the time interval 2At,), thus giving X(t). This can 
be done (see below for examples) with either a fixed number 
of consecutive system states per averaging step or a fixed 
time interval =(At,) per averaging step. The latter procedure 
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is generally more convenient because what we are primarily 
interested in is a further average of the function X(é) over 
a large number of “runs” (this is equivalent to averaging 
over an ensemble of identical patches of channels, each with 
z = 100). Clearly, the “fixed time” procedure makes the 
latter averaging easier and produces points Xt) equally 
spaced along the time axis. 

In this study, the state variables of the system of partic- 
ular interest are the fraction of open channels p (the frac- 
tion of channels in state iz), and the short-range pair correla- 
tion functions, (Sy,2 Sy,241), (Sy.2 Sy.2+2), (Sy,2 Sy41.241), and 
(S,,2 Sy41,242), Where y and z denote the coordinates of a chan- 
nel in the lattice and the values of S are taken to be +1 for 
channel state i and —1 for state it. The brackets mean aver- 
aging the product over the entire lattice. 


CALCULATIONS ON EQUILIBRIUM SPIN SYSTEMS 
AT ZERO MAGNETIC FIELD 
Several exact properties of an infinite square Ising-spin system 
at zero magnetic field have been found by Onsager (7), Kauf- 
man and Onsager (8), Yang (9), and others. After translating 
(10) some of these results into our notation, comparison with 
10 X 10 simulated values provides a check on the correctness 
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Fic. 1. Mean number of channels in state ii (open) at equilib- 
rium with 8/a = s* (corresponding to zero magnetic field in a 
spin system). Curves are exact for an infinite system; points are 
computer simulated for a 10 X 10 system by use of a single run 
of the number of thousands of consecutive events indicat®éd 
beside each point. 
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of the computational algorithms and on the adequacy of 
representing an infinite lattice by a 10 X 10 lattice (with 
periodic boundary conditions). 

Zero magnetic field, H = 0, in the usual spin system would 
lead to the result (in our notation) p = '/: (averaged over 
infinite time). It is easy to see, by consideration of detailed 
balance at equilibrium in Schemes 8 and 9 (1), that the pa- 
rameter choice (equivalent to H = 0) required to produce j 
= 1/,isB/a = 8*. 

In the special case 8/a = s‘, then, we have calculated p 
and the four shortest-range pair-correlation functions (see 
above) for a few temperatures in the range 0.88 < 7/T,. < 
1.4. A single long simulation run was used for each temper- 
ature. The temperature is determined by the value of s:s 
= e“/2%T The critical value of s (7) is s. = e”/*7* = 4/2 — 
1 = 0.4142. 

A special comment is required concerning j when 7’ < T’,. 
Over infinite time, the computer simulated system would 
spend equal amounts of time in two different phases with p 
values of, say, p’ > '/2 and 1 — p’ < '/2, so that the overall 
p = (p’/2) + [(1 — p’)/2] = '/e. However, in our calcula- 
tions the system was started and then remained in the jp’ 
phase because of an extremely long nucleation time for the 
phase transition. 

Fig. 1 shows the theoretical p’ (J < T.) and p (T > T,) 
curves (infinite system), together with computer simulated 
points (10 K 10 system). The p’ curve is also the “coexistence 
curve” (10), in lattice-gas language, or the spontaneous mag- 
netization per spin (10) in a spin system (change the ordinate 
scale, in this case, from 0.5 <> 1.0 to0 < 1.0). 

The length of simulation run used for each point varied 
from 10,000 to 40,000 consecutive events; these numbers 
are indicated in the figure. 

Fig. 2 shows the theoretical correlation function curves 
and computed points from the same simulation runs as in 
Fig. 1. The results in both figures indicate that the 10 x 10 
(periodic boundary conditions) system is a very good approxi- 
mation to the infinite system. Of course, the scatter of points 
around the theoretical curves would decrease with increasing 
lengths of simulation runs. 

The computer print-outs for both f(t) and the correlation 
functions exhibit two kinds of fluctuations: one with small 
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Fic. 2. Four shortest-range pair-correlation functions at 
equilibrium with 8/a = s* (corresponding to zero magnetic field 
in a spin system). Curves are exact for an infinite system; points 
are computer simulated for a 10 X 10 system by use of the same 
runs as in Fig. 1. 
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Fig. 3. p(t) points for z = 100 superimposed on z = 4,6,9 
curves from Fig. 8 of ref. 1. Time scales are for the x = 4 cases. 
The time scales for z = 6, 9, and 100 are adjusted to give the 
same t’:/, as forz = 4. The definition of t’ is (a + 8)t. 


amplitude and short period; and another with large amplitude 
and long period (the amplitude and period of the latter in- 
crease when the temperature approaches the critical value). 
In general, the period of the long # fluctuation is longer than 
those of the pair correlation functions. In fact, as T—~ T.+, 
this long p period becomes of the same order as the length 
of the runs used. This accounts for the greater scatter in p 
points. 


CALCULATION OF KINETIC PROPERTIES 


In order to make a comparison with our previous results in 
Fig. 8 of ref. 1, we calculated p(t) starting from a system state 
with all channels in state i (p = 0) and ending with p = 
0.895, thus simulating the depolarization of the K*+ channels 
of a squid axon.membrane frum a maximally hyperpolarized 
state to En, (1). Three values of the cooperativity parameter, 
s = 0.7, 0.5, and 0.4, were used. Note that s = 0.4 is below 
8, = 0.4142. 

For each value of s, it was first necessary to make several 
equilibrium runs to determine by interpolation the approxi- 
mate value of 8/a that leads to p(~ ) = 0.895. 

With these approximate values of 8/a, 100 simulation 
runs were performed for s = 0.5 and 0.7, and 60 runs for s 
= 0.4, to obtain ensemble averaged p(t) points from the in- 
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Fic. 4. The mean fraction of open channels f as a function 
of time in a single simulation run. Each point represents an aver- 
age value of p over 10 consecutive system states for s = 0.7 and 
over 300 such states for s = 0.4. 
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Fig. 5. Pair correlation function (S,,.S,,.,:) corresponding 
to z = 100 in Fig. 3. Time scales are the same as in Fig. 3. The 
two small arrows indicate the time at p = 0.5. 


dividual “fixed-time” points p(t) obtained from each run. 
The three sets of p(t) points (cx = 100) are shown in Fig. 3, 
superimposed on the z = 4, 6, 9 curves taken from Fig. 8 
of ref. 1. As with z = 6, 9 (1), the time scales of the p(t) points 
(x = 100) have been adjusted to give approximately the 
same t’:,, (1) as for z = 4 [t’ is defined (4) as (a + 8)t). 

We used a smaller number of runs for s = 0.4 because of 
the much greater computer time required per run. Ideally, 
of course, since s = 0.4 is so near s = s,, we should have used 
an appreciably larger number of runs for s = 0.4 than for s 
= 0.5 or 0.7. This would have reduced the considerable scatter 
apparent in the p(t) points for s = 0.4. 

Incidentally, the average number of events per p(t) point 
per run in Fig. 3 is 597 for s = 0.4, 16.2 for s = 0.5, and 3.45 
for s = 0.7. 

The results shown in Fig. 3 for z = 100 are approximate 
in various ways (especially the 8/a values), as indicated in 
the above discussion, but they seem to us to be more than 
adequate to demonstrate the qualitative point of primary 
interest in this paper: the experimentally observed induction 
behavior in the K* current near ¢ = 0 (1, 4) is not recovered 
in a model with cooperative interactions between channels 
on increasing the size of the patch of interacting channels 
to a size, which for practical purposes, is essentially infinite. 
Thus, the conclusions reached in discussing Figs. 6, 7, and 8 
of ref. 1 are reinforced here. 

Although smooth curves through the three sets of* p(t) 
points in Fig. 3 are very similar in shape, the behavior of 
the individual j(t)’s from which the average p(t)’s were 
derived is quite different. For example, at s = 0.7, the change 
of the lattice with time from the initial to the final configura- 
tion is more or less gradual, and the general appearance of 
p(t) does not differ much from one run to another. But at s 
= 0.4, in an individual run, the lattice tends to stay in the 
initial “dilute” (small ») configuration for a considerable 
time and then changes quite suddenly to the final stable 
“dense” configuration when a large enough fluctuation nu- 
cleates the phase transition. The phase transition is a random 
process and the nucleation times are Poisson distributed. 
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For somewhat smaller values of s than s = 0.4 we would then 
expect a simple exponential p(t) curve. This phenomenon 
was already encountered (indirectly) with z = 4 and dis- 
cussed near the end of ref. 4. 

Fig. 4 contains an illustration of the above comments in 
which, for variety, we have used “fixed number’ averaging 
rather than “fixed time” averaging: each point p(t) in the 
figure is an average over 10 consecutive system states for s 
= 0.7 and an average over 300 such states for s = 0.4. The 
two time scales used differ by a factor of 1000. In the s = 0.4 
case, note the much shorter mean lifetime of system states 
after the transition (because of the factor s™'). 

Finally, we supplement the p(t) results (x = 100) in Fig. 
3 with plots in Fig. 5 of the time dependence of the shortest 
range correlation function obtained from the same computer 
runs as in Fig. 3, and using the same time scales as in Fig. 3. 
The s = 0.7 system has an almost random distribution of 
channels at p = 0.5. The relatively flat correlation function 
for s = 0.4 arises because, roughly speaking, what is hap- 
pening in this case as time passes is random and sudden phase 
transitions (see above) in the ensemble of 60 systems from 
a phase with p > 1 — 0.895 to another with p > 0.895. But 
these two phases would have approximately the same value 
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of the correlation function, so this quantity remains roughly 
independent of time. The argument is not exact because the 
former phase is not an equilibrium phase while the latter is 
an equilibrium phase. 

The other three correlation functions (not shown) behave 
in much the same way. 
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ABSTRACT Lipid-soluble spin labels were incorporated 
into human lymphocytes and mouse L-cells and the re- 
sulting electron spin resonance spectra were compared with 
spectra obtained from similarly labeled human erythro- 
cytes. Spin labels were found in all subcellular fractions 
of the nucleated cells that contained membranes. Spin- 
labeled cells remained viable and capable of replicating 
in vitro. Electron spin resonance signals from spin-labeled 
nucleated cells underwent a time- and temperature- 
dependent decay that was reversed by bathing the cells 
in K;Fe(CN).. The demonstration of a relative celi im- 
permeability to ferricyanide, as measured by both colori- 
metric and radioisotopic label methods, indicated that only 
spin-labeled molecules in the surface membrane were re- 
activated when ferricyanide was added to spin-labeled 
cells after the electron spin resonance signal had decayed. 





Electron spin resonance (ESR) spectroscopy and spin-label 
techniques have been used recently to probe the structure 
of artificial membranes (1, 2) and membranes of erythrocytes 
(3), neurospora (4), viruses (5), lobster walking nerves (6), 
sarcoplasmic reticulum (7), and mycoplasma (8). However, 
information is not available regarding application of spin- 
label techniques to studies with intact nucleated mammalian 
cells. A major problem in the application of ESR techniques 
to studies of surface membrane phenomena in intact cells is 
differentiating between labels attached to cell surface and 
those bound to internal membrane structures. 

This report describes a technique for differential detection 
of surface-membrane signals from spin-labeled, intact nu- 
cleated mammalian cells. The cellular distribution and spec- 
tral characteristics of various lipid-soluble spin labels in- 
corporated in membranes of mouse L-cells and human lym- 
phocytes are described. ESR spectra of these spin-labeled 
nucleated cells are compared with spectra of spin-labeled 
human erythrocytes. In addition, factors affecting signal 
stability and the effect of label incorporation on cell viability 
and replication are reported. 


MATERIALS AND METHODS 


Spin Labels. All spin labels were purchased from Syva 
Assoc., Palo Alto, Calif. The spin labels used were (Fig. 1): 
I(m,n), stearic acid analogs with the nitroxide ring located 
at the hydrophilic end (m,n = 12,3) or at the hydrophobic 
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end (m,n = 5,10); II, an androstane spin label; and III, an 
organophosphate spin label. 

Mammalian Cells. Mouse L-cells were grown in suspen- 
sion in Eagle’s Minimal Essential Medium (ME medium) 
containing 10% fetal-calf serum. Human lymphocytes, cell 
line RPMI 1788 derived from a normal donor (Associated 
Biomedia Systems, Inc., Buffalo, N.Y.), were cultured in 
medium RPMI 1640 (Associated Biomedia Systems, Inc., 
Buffalo, N.Y.) with 10% fetal-calf serum. Cells were harvested 
by centrifugation at 250 xX g for 10 min and washed three 
times with 20 volumes of ME medium. Fresh human erythro- 
cytes were prepared from heparinized venous blood obtained 
from healthy male donors. 

Spin-Labeled Cells. 50 ul of 0.1 M label in 100% ethanol 
were mixed in 30-ml screw-capped glass tubes with 25 ml of 
2% (v/v) L-cells or lymphocytes in ME medium, or with 2% 
(v/v) erythrocytes in phosphate-buffered saline. After in- 
cubation at 37° for 15 min with end-over-end rotation, cells 
were centrifuged at 250 X g for 10 min, and washed three 
times. 

ESR Spectra. ESR spectra were obtained at room tem- 
perature (23°) in flat quartz cells in a Varian E-9 dual cavity 
ESR spectrometer. Spin-label concentrations were deter- 
mined with a Fabritek 1074 Signal Averager that allowed 
double integration of signals from the sample and from a 
simultaneously run standard. All suspensions and supernates 
from final washes were examined for ESR signal immediately 
after preparation and after incubation at 23° or 37°. 

Cell Fractionation. Subcellular fractions of L-cells labeled 
with stearic acid I(12,3) were obtained by differential centrif- 
ugation of cell homogenates. Packed cells, suspended in ME 
medium to yield a 20% (v/v) solution, were homogenized 
by 16 rapid strokes in a chilled motor-driven Duall homog- 
enizer. Four subcellular fractions were isolated by differ- 
ential centrifugation of the homogenate. A nuclear pellet, 
N, was separated at 2000 X g for 6 min. After suspension 
in ME medium to 50% of the original volume of homogenate, 
the nuclear pellet was given three additional strokes in the 
Duall homogenizer and again centrifuged. Supernates were 
combined and centrifuged at 25,000 X g for 10 min to obtain 
a mitochondrial fraction (17), and at 48,000 X< g for 60 min 
to obtain a microsomal fraction (P). The final supernate was 
the soluble fraction (S). N, M, and P fractions were con- 
centrated by suspending them to 50% or 25% of the homog- 
enate’s original volume. Relative concentrations of label 
in each of the subcellular fractions were determined. 
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K;Fe(CN), Studies. The ESR signal of a 50% suspension 
in medium RPMI 1640 of L-cells labeled with 1(12,3), 1(5,10), 
or II was allowed to decay by incubation at 37°. After signal 
decay, the cells were incubated with various concentrations 
of K;Fe(CN). (Sigma Chemical Co., St. Louis, Mo.) and 
immediately examined in the spectrometer for reactivated 
signal strength. 

In experiments to determine the ability of K;Fe(CN)<. 
to penetrate cell membrane, 1(5,10)-labeled L-cells were 
incubated as a 50% suspension in 1 mM K;Fe(CN). in RPMI 
1640 for 10 min at 23°, and then pelleted at 1000 X g for 10 
min and washed four times in 10 volumes of 0.01 M phos- 
phate-buffered saline (pH 7.2), to remove unattached K;- 
Fe(CN),. After the final wash, cells were lysed by suspension 
in 10 ml of distilled water, freeze-thawed three times, and 
clarified by centrifugation at 30,000 x g for 20 min. The 
amount of ferrocyanide in supernates and cell lysate was 
determined by the colorimetric method of Avron and Shavit 
(9) with sulfonated 4,7-diphenyl-1,10-phenanthroline (C. F. 
Smith Co., Columbus, Ohio). This method allows detection 
of 1 uM ferrocyanide. Ferricyanide was measured as the 
increase in ferrocyanide after addition of excess sodium hypo- 
sulfite. 

In other experiments, the distribution of ferricyanide was 
measured by addition of 2.5 wCi of K;5*Fe(CN). (Amersham- 
Searle Corp., Arlington Heights, Ill.) to a 25% suspension 
of 1(12,13)-labeled L-cells after they had undergone signal 
inactivation at 37° and reactivation with 0.1 mM ferricyanide. 
2 ml of the cell suspension was layered on top of a discon- 
tinuous gradient consisting of 2-ml portions of 2.5, 5, 8, and 
10% Ficoll in RPMI 1640. The cellulose nitrate centrifuge 
tube was spun at 196 X g for 10 min. After centrifugation of 
the sample layer, the 5 and 8% Ficoll layers were removed 
by piercing the side of the tube with a 22-gauge needle. The 
cell pellet was suspended in 2 ml of Hank’s balanced salt 
solution, and aliquots were assayed for radioactivity in a 
Nuclear Chicago gamma scintillation counter before and 
after repeated washing with 10 volumes of fresh RPMI 1640 
medium. 


Viability and Growth of Spin-Labeled L-Cells. L-Cells labeled 
with either androstane or stearic acid 1(12,3) or 1(5,10) were 


CH, (CH, n= ie aa 
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Fig. 1. Spin labels used in cell labeling studies. 
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suspended to 0.4 X 10° cells per ml in ME medium with 10% 
fetal-calf serum and cultured in spinner flasks at 37°. At 0, 
24, and 48 hr, cell counts were performed in a hemocytometer 
and cell viability was determined by trypan blue exclusion. 
RESULTS 

ESR spectra consisting of three absorption peaks or lines are 
characteristic for nitroxide spin labels. The monitoring system 
records the first derivative of each peak. Alterations in mobil- 
ity of the spin label result in changes in the line width and the 
splitting, or distance, between the lines of the spectra. In 
general, as the spin label becomes increasingly hindered by 
its environment, the splitting and line width increase. 


1(5,10) 


12,3) 


Fig. 2. Comparison of the spectra of spin labels 1(5,10), 1(12,3), 
and II incorporated into intact mouse L-cells, human lym- 
phocytes, and human erythrocytes (top, middle, and lower spectra 
of each triad, respectively). Vertical arrows indicate the posi- 
tions of the low-field and high-field ‘‘free-spin’’ peaks. Tnx and 
T min are the components of the hyperfine tensor as experimentally 
determined from the spectra as shown. 
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Fig. 3. Spectrum of III, an organophosphate spin label, in- 
corporated into intact mouse L-cells. 


All four lipid-soluble spin labels were readily incorporated 
into cells, as evidenced by a greater signal strength and dif- 
ferent spectral shape of washed cells than of their final wash. 
In each case, the ESR signal from the final wash was rela- 
tively weak and consisted of three sharp, narrowly spaced 
lines of nearly equal height that reflected molecules under- 
going rapid isotropic tumbling similar to the spectra of spin 
labels dissolved in medium. In contrast, spectra of stearic acid- 
and androstane-labeled cells (Fig. 2) were superpositions 
of two spectra—one due to “membrane-bound” label and 
the other due to “free-spin” label. ““Membrane-bound”’ label 
was represented by three broad and relatively widely split 
peaks, while “free-spin” contributed three sharp lines (of 
which the outer lines are indicated by arrows) with splittings 
of 14.5 G. Since this “free-spin” signal was identical to that 
obtained from the final wash and persisted in both cell sus- 
pension and final wash regardless of the number of washes 
performed, it probably represented spin label released into 
the suspending medium and at equilibrium with ‘“‘membrane- 
bound” label. 

When spectra of the three cell types were compared, there 
were no differences between spectra of similarly labeled L- 
cells and lymphocytes. However, as shown in Fig. 2 and 
Table 1, splitting, reflected by Tmax, S values (a quantita- 
tive measure of the anisotropy of the membrane), and line 
width were both smaller in spectra of spin-labeled L-cells 
and lymphocytes than in spectra of spin-labeled erythrocytes. 
Fig. 2 also shows that spectra of cells spin-labeled with stearic 
acid 1(5,10), which contains the nitroxide ring attached in a 
hydrophobic region, were characterized by narrower line 
widths and smaller splittings than spectra of the same cells 
spin labeled with stearic acid I(12,3) in which the nitroxide 
ring is attached in a hydrophilic region. 

The spectrum of label III, a spin-labeled phosphofluoridate 
inhibitor of acetylcholinesterase, in L-cells is shown in Fig. 3. 
It consisted of three narrowly spaced lines reflecting rapid 


TABLE 1. Hyperfine tensor components and orientation factors, 
S*, for labeled stearic acid, 1(12,3), in erythrocytes, 
L-cells, and lymphocytes 





Cell 2 Tmax 


L-cell 54.7 + 0.6 
Lymphocyte 53.7 + 0.9 
Erythrocyte 59.8 + 0.5 


2 T min 


17.7 + 0.3 
18.1 + 0.2 
17.32 0.4 








*S = (Ty — Ty)/(T — Tzz)a*/a’ where T); = Tmax, T) = 
Twin + 0.8 G, Tre — Tez = 25G (10). a = 2 Trz + Tu*, a’ 
2 Ty +- T\\*. 
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Fig. 4. Spectra of subcellular fractions from I(12,3)-labeled 
mouse L-cells. (a) Intact L cells; (b) homogenate; (c-f) nuclear, 
mitochondrial, microsomal, and soluble fractions, respectively. 


unrestricted tumbling of the molecule. This represented cell- 
bound label, since the signal strength from cell suspension 
was at least 100 times greater than the signal obtained from 
the final wash. A similar spectrum was obtained from label 
III incorporated into erythrocyte membranes. 

Spectra of subcellular fractions from stearic acid I(12,3)- 
labeled L-cells are shown in Fig. 4. After exposure to 0.5 mM 
K;Fe(CN)., ESR signal characteristic of “membrane-bound” 
label was detected in all membrane-containing fractions. 
Only a weak, “‘free-spin” signal was found in the soluble frac- 
tion. As measured by relative signal strength, most of the 
label was found in the “nuclear” fraction, which contains 
predominantly nuclei and plasma membranes (Table 2). No 
gross differences were found in the shapes of spectra from 
the different membrane-containing fractions. 

Decay of cell signal observed for L-cells and lymphocytes, 
but not for erythrocytes, proceeded more rapidly at 37° than 
at 23°. Aeration of suspensions or exposure to K;Fe(CN)<« 
were effective means of restoring the cell signal. The lowest 
concentration of K;Fe(CN). that reactivated cell signal was 
0.1 mM and resulted in a signal strength of about 0.1 mM. 
When ferricyanide was removed by washing, the cell signal 
disappeared, but reappeared immediately upon reexposure 
to ferricyanide. When stearic acid 1(5,10)-labeled L-cells 


TaBLe 2. The relative amounts of stearic acid I (12,3) 
incorporated into subcellular fractions of L-cells 





Fraction 


Nuclear 87 
Total mitochondria 8. 
Microsomal SE 
Cell sap 3.4 


% Total label* 








* The amount of label in each fraction was obtained by inte- 
gration of the respective spectra. 

mmol label in each fraction 
total mmol label in all fractions 





% of total label = 
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were suspended in 1 mM K;Fe(CN). and then washed and 
lysed, ferricyanide and ferrocyanide were found in initial 
washings; neither was detected in the cell lysate (Table 3). 

After the addition of K;5*Fe(CN). to L-cells spin-labeled 
with I(12,3), only 1% of the initially added isotope was re- 
covered with the cells after they were sedimented through a 
discontinuous Ficoll gradient and repeatedly washed (Table 
4). Most of the isotope remained in the supernate above the 
Ficoll, while only trace amounts were detected in aliquots 
of either the 5% or 8% Ficoll layers above the cell pellet. 

To determine whether spin-labeled cells maintain bio- 
logical function, we studied the growth in suspension culture 
of L-cells labeled with stearic acid 1(5,10), 1(12,3), and andro- 
stane. After 48 hr, cell counts and viability of labeled and 
unlabeled L-cells were essentially the same. Both had ap- 
proximately doubled in population. 


DISCUSSION 


These studies demonstrate that lipid-soluble spin labels are 
readily incorporated into membranes of intact viable nu- 
cleated cells. While the bulk of label incorporation probably 
occurs by simple solubility in hydrophobic regions, it is pos- 
sible that some spin label may be enzymatically coupled 
with glycerol moieties to form phospholipid molecules. Keith 
et al. (4) reported that this coupling occurred after they 
grew neurospora in the presence of I(5,10). 

It should be noted that the ease with which lipid-soluble 
spin labels enter membranes must be considered in the de- 
sign and interpretation of studies of membrane-receptor sites 
when spin-labeled ligands are used. For example, our finding 
that the spin-labeled phosphofluoridate inhibitor of acetyl- 
cholinesterase is readily incorporated into L-cell membranes 
that do not contain acetylcholinesterase suggests reconsidera- 
tion of the interpretation of a previous study on erythrocyte 
acetylcholinesterase (11), in which specific attachment of 
spin-labeled phosphofluoridate to erythrocyte-membrane 
acetylcholinesterase was reported. Our studies indicate that 
spin-labeled phosphofluoridate, probably by virtue of its 
solubility in lipids, is incorporated nonspecifically into mem- 
branes. 

Each spin-labeled compound used for incorporation into 
cell membranes yielded nearly identical spectra for both L- 
cells and lymphocytes. However, comparison of these with 
spectra of similarly labeled erythrocytes showed a consistent 
difference. The immobility and anisotropy of the nitroxide 


TABLE 3. Distribution of Fe(CN).** and Fe(CN).*? in wash 
fluids and lysate of L-cells spin-labeled with I(5,10)* 





Ferricyanide Ferrocyanide 
(umol) (umol) 





Initial amount 1 
Wash fluid no. 1 0. 
no. 2 0.02 0.16 

3 <0.01 <0.01 
4 <0.01 <0.01 
<0.01 <0.01 


.0 <0.01 
1 


1 0.65 


no 
Cell lysate 





Total recovery of ferricyanide and ferrocyanide was 93% of the 
amount of ferricyanide initially added. 

*1 ml of a 50% cell suspension containing 1.0 wmol of ferri- 
cyanide. 
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TaBie 4. Distribution of *Fe(CN).** in L-cells spin- 
labeled with I (12,3) 





% of total 
cpm* radioactivity 





Initia! suspension 
placed on gradientt 69, 800 
Sample layer 64,900 
5% Ficoll layer 279 
8% Ficoll layer 209 
Original cell pellet t 1,820 
after Ist wash 1,050 
after 2nd wash 916 
after 3rd wash 726 





* cpm /50-yl aliquot (average of three experiments). 
t 2 ml of a 25% L-cell suspension layered on a Ficoll gradient 


as described in text. 
t Each cell pellet was resuspended in 2 ml of medium RPMI 


1640. 


was always greater in erythrocyte membranes than in L-cell 
or lymphocyte membranes. This greater fluidity of lipid 
phases of L-cell and lymphocyte membranes compared to 
that of erythrocyte membranes may result from differences 
in membrane-lipid composition since the mobility of spin- 
labeled fatty acids in synthetic membranes varies with 
changes in membrane-lipid composition (2, 12, 13). 

While our data suggest that the molecular composition of 
erythrocyte membranes probably differs from that of L-cell 
and lymphocyte membranes, they also indicate that the mem- 
brane-lipid phases of all three cell types probably consist 
of lipid bilayers. This follows from the observation that for 
each of the three cells we found the same type of increase in 
mobility of the nitroxides located in the hydrophobic, com- 
pared to the hydrophilic, end of membrane-bound, spin-labeled 
stearic acid, as has been reported for comparable stearic acid 
spin labels incorporated into synthetic membranes with lipid 
bilayers (3, 10). 

The fact that signals characteristic of ‘‘“membrane-bound”’ 
label were detected in all subcellular fractions containing 
membrane could indicate that spin-labeled molecules were 
incorporated into intracellular as well as into surface mem- 
branes. However, it is possible that spin label was incorporated 
in only the outer membrane of intact cells but, during frac- 
tionation, leaked into the washing medium and was assimilated 
by internal membranes. 

In any case, it is likely that surface-membrane signals were 
primarily obtained when ferricyanide was added to labeled 
cells after occurrence of signal decay. Cell membranes are 
relatively impermeable to ferricyanide, and even if small 
amounts of ferricyanide entered the cell, the amounts inside 
the cell could not account for the ESR signal strength ob- 
served. This statement is based on the following observa- 
tions: (a2) Mishra and Passow, studying erythrocytes, found 
cells to be impermeable to ferricyanide (14). (6) In our studies, 
decayed cell signal was immediately reactivated by addition 
of ferricyanide but disappeared when cells were washed free 
of ferricyanide. (c) It is unlikely that the cells were freely 
permeable to ferricyanide and then leaked during washing. 
When, after addition of K;**Fe(CN)s, spin-labeled L-cells 
were sedimented through a discontinuous Ficoll gradient, 
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only trace amounts of isotope were detected in Ficoll layers 
above the cell pellet. If cells were freely permeable and then 
leaked, considerably more isotope should have been found 
in these layers. (d) Even if some ferricyanide entered the 
cells, the maximum amount of ferricyanide that could have 
entered to activate internal membrane signals was equivalent 
to a concentration no greater than 1 uM, as measured by the 
amount of ferricyanide found in either cell lysates by the 
colorimetric method, or attached to washed cells by the iso- 
tope-label method. Therefore, since the reactivated signal 
strength after addition of ferricyanide indicated a concentra- 
tion of 0.1 mM, at most only an insignificant 1% of the ob- 
served reactivated signal could have been contributed by 
signals arising inside the cells from spin labels reactivated by 
ferricyanide molecules that had penetrated the surface mem- 
brane. However, we cannot rule out the possibility that some 
of the spin-labeled molecules, reactivated at the cell surface 
by ferricyanide, then entered the cell, were not reduced 
before recording the spectra, and thereby contributed to the 
observed signal. 

As probes of local membrane viscosity, polarity, and molec- 
ular orientation, spin labels incorporated into membranes 
seem uniquely suitable for providing information about the 
interrelationship of membrane structure and function. The 
finding that spectra can be obtained that primarily represent 
surface-membrane signals from spin labels incorporated into 
membranes of intact and viable nucleated mammalian cells 
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should, therefore, be useful in future applications of the spin- 
label method to studies of cell-surface functions. 


The technical assistance of Eugene Gottfried, Daniel Graham, 
and Charles Ambrose is gratefully acknowledged. 
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ABSTRACT An alteration in the chromatographic 
mobility of 30S ribosomal protein S4 from two kasugamy- 
cin-resistant (ksgA) strains of E. coli was observed. The 
locus determining this alteration frequently cotrans- 
duced with ksgA but could be separated from it by trans- 
duction and conjugation. Since the structural gene for 
protein $4 is thought to lie some 30 min from ksgA on the 
E. coli chromosome, the product of the newly-identified 
gene may modify protein 54. We propose to designate this 
gene ramB. 

Reconstitution of 30S subunits from RNA and protein 
components of ksgA ramB and ksgA* ramB* strains dem- 
onstrated that ribosomal resistance to kasugamycin was 
due to altered 16S RNA and not to altered protein S4. 
The altered 165 RNA was undermethylated, and a methyl- 
ating enzyme that acts on 16S RNA from ksgA strains 
was present in ksgA* but not in ksgA strains. 





Resistance to the aminoglycoside antibiotic, kasugamycin 
results from alteration of the 30S ribosomal subunit in 
Escherichia coli (1). The gene for ribosomal kasugamycin 
resistance (ksgA) is closely linked to leu and maps near 
0.5 min on the £. coli chromosome (1-3). By contrast, loci 
determining ribosomal resistance to the aminoglycosides, 
streptomycin and spectinomycin, have been placed in the 
cluster of 30S and 50S ribosomal protein genes near strA at 
64 min (see ref. 4), and in both cases, antibiotic sensitivity or 
resistance is mediated by specific ribosomal proteins (5, 6). 
The unusual map position of the ksgA locus suggested a novel 
mechanism for kasugamycin resistance (1). 

[In a recent report, Helser, Davies, and Dahlberg demon- 
strated that resistance to kasugamycin is attributable to an 
alteration of the 168 RNA component of the 30S subunit (7). 
Specifically, the 168 RNA from resistant mutants lacks 
methylation of two adjacent adenine residues that are both 
dimethylated in the RNA of sensitive strains. The same 
authors later found that ksgA*, but not ksgA, bacteria con- 
tain an enzyme that dimethylates the relevant adenine resi- 
dues of “resistant’”” RNA and that 30S particles reconstituted 
from such RNA after in vitro methylation are sensitive to 
the drug (8). Moreover, the enzyme acted only on under- 
methylated 168 RNA from kasugamycin-resistant mutants 
and not on mature 16S RNA from sensitive strains, 2385 RNA, 
or protein. It was concluded that the product of the ksgA gene 
is a methylating enzyme that modifies 1685 RNA at some 
time during maturation of the 30S subunit. 


§ To whom reprint requests should be sent. 


We report experiments that confirm many of these findings. 
In contrast to Helser et al. (7, 8), however, we have found that 
two ksgA mutants possess an altered 30S subunit protein as 
well as undermethylated 168 RNA. Both of the mutants were 
obtained by nitrosoguanidine mutagenesis and are probably 
double mutants. The altered protein has been identified as 
$4 (9) or p4a (10). Several reports have described structural 
changes in protein S4 (11-14) resulting from mutations in the 
cluster of ribosomal protein genes near strA (12-15). The gene 
for alteration of protein S84 that we describe is shown to be 
close to, but separable from, ksgA, and is therefore at a con- 
siderable distance from strA on the £. coli chromosome. The 
implications of this finding are discussed. 


MATERIALS AND METHODS 


Bacterial Strains. Bacterial strains are listed in Table 1. 
The kasugamycin-resistant strains in which altered protein 
S4 was found were selected on tryptone-yeast extract plates 
containing 1 mg of kasugamycin/ml after nitrosoguanidine 
mutagenesis (16) to the extent of 10% survival of exposed 
cells. Spontaneous kasugamycin-resistant mutants were 
selected on the same plates containing 250 ug of kasugamycin 
per ml. Kasugamycin was a gift of Bristol Laboratories. 
Strains were designated ksgA if the locus for kasugamycin 
resistance cotransduged 90% with pdrA, and if cell-free 
extracts were resistant to kasugamycin (2). Strains were 
designated ksgB if they contained a locus for kasugamycin 
resistance that was located between 30-35 min on the £. 
coli chromosome, and if cell-free extracts were sensitive to 
kasugamycin (2). Transductions were performed with phage 
Ply. by standard methods (17). 


Chromatography of Ribosomal Proteins. Growth of cells, 
preparation of ribosomal proteins, and chromatographic 
analysis were performed as described by Zimmerman et al. 
(11) with two exceptions: cells were labeled with either 
(7H ]- or ['*C]amino-acid mixtures (New England Nuclear 
Corp.) and high-capacity phosphocellulose (Mann, 1.1 
meq/g) was used for chromatography. 


Preparation of Ribosomal Components for Reconstitution. 
Cells were grown to mid log-phase in tryptone-veast extract 
broth and harvested after pouring on ice. Ribosomes were 
prepared as described (18), except that no DNase was used. 
Ribosomes were not washed in high-salt (0.6 M NH,Cl) 
buffers. 30S and 50S subunits were prepared by suspension of 
pelleted 70S ribosomes in standard buffer [10 mM Tris-HCl 
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TABLE 1. Strains of E. coli K12 used 





Strain Source Genotype 





JC411 W. K. Mass* 
JC12 W.K. Mass* 
Nitrosoguanidine 
mutagenesis 
Nitrosoguanidine 
mutagenesis 
Recombinant from 
FS157 x JC411 
} Recombinant from 
FS157 x JC411 
Transductant of 
JC411 from 
FS131 
Transductant of 
JC411 from 
FS157 
Q13___sSOW.<« «Gilbert via 
M. Nomurat 
FS240 Spontaneous 
mutant 
FS241 Nitrosoguanidine 
mutagenesis 
FS242 Transductant of 
FS241 from 
FS157 


F-; argG met leu his strA 

HFr; purC met 

As JC12 but ramB1 ksgA19 

As JC12 bui ramB2 ksgA23 ksgB1 
As JC411 but his+ ramB2 ksgA23 
As JC411 but his* ramB2 ksgB1 


As JC411 but leu*+ ramB1 ksgA19 


As JC411 but leu* ramB2 ksgA23 


met tyr pnp-13 
As Q13 but ksgA30 
As Q13 but leu 


As FS241 but leu*+ ksgA23 
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(pH 7.6)-30 mM NH,Cl-6 mM 2-mercaptoethanol] con- 
taining 0.3 mM MgCh, followed by dialysis against TAS 
buffer [20 mM Tris-HCl (pH 7.6)-100 mM NH,Cl-1 mM 
MgCl.-0.5 mM EDTA-4 mM 2-mercaptoethanol] for 3-4 hr 
at 0° (19). Subunits were separated on discontinuous 0.2-1.0 M 
sucrose gradients (19) by centrifugation in an SW27 rotor for 20 
hr at 27,000 rpm. 30S and 50S subunits were precipitated with 
0.6 volume of ethanol (19), and further purified by centrifu- 


a. + 


JY YW 
200 250 300 
FRACTION NUMBER 

Fig. 1. Elution profile of 30S total proteins from *H-labeled 
JC411 and C-labeled FS215. About 10 mg of proteins, including 
equal contributions from the 30S subunits of each strain, was 
applied to a phosphocellulose column in initial elution buffer 
(0.05 M NaH,PO,, titrated to pH 6.5 with methylamine-6 M 
urea-4 mM 2-mercaptoethanol) and eluted with a linear 0-0.5 M 
NaCl gradient in the same buffer (35). Procedures have been 
described (11). *H-labeled JC411 (——); “C-labeled FS215 
(— --—). Arrows indicate displaced peaks. 
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TABLE 2. Reconstitution of 30S ribosomes 
from total protein and 16S RNA 





Reconstituted 30S 
ribosomes 


16S Total 
RNA protein 0 


Incorporation cpm (% control) 
ug of kasugamycin per ml 





289 (48) 
179 (35) 
220 (68) 
290 (73) 





S 5 607 367 (61) 
; 503 251 (50) 

324 281 (87) 
R 357 288 (81) 





30S ribosomal subunits were reconstituted as described in 
Methods and assayed for activity in poly(U,G)-dependent 
[**C]valine incorporation in vitro. Reaction mixture (100 ul 
total) contained 0.7—0.8 Azg units each of reconstituted 30S par- 
ticles and 50S subunits, 10 ul of S-100 fraction, 10 ug of poly(U,G) 
(1:1, Miles Laboratories), 8 mM Mg acetate, 0.01 mM ['C]- 
valine (50 wCi/umol, New England Nuclear Corp.), and other 
components as described (18). S indicates component derived from 
strain JC411 (ksgA* ramB*); R indicates component derived from 
strain FS232 (ksgA19 ramB1). 


gation on a 5-20% linear sucrose gradient in TAS buffer for 
9.5 hr at 21,000 rpm in an SW27 rotor. Ribosomes and sub- 
units were stored at —70° in standard buffer containing 
10mM MgCl. 

The 16S RNA and total 30S ribosomal protein fractions 
were prepared by phenol extraction and urea—LiCl treatment, 
respectively (20). Reconstitution of 30S subunits from 
16S RNA and total 30S proteins was performed according to 
Traub and Nomura (20). The RNA precipitate resulting from 
treatment of 30S subunits with urea—LiCl was also used and 
was as active as that prepared by phenol extraction. 


Fingerprint Analysis. ['*C]Methyl-labeled oligonucleotides 
from 16S RNA were prepared and fingerprinted (21). 


Methylation. 235 core particles from 30S subunits (22) were 
methylated by enzymes prepared from 8-100 fractions and 
from the 1.0 M NH,Cl supernatant of washed 70S ribosomes 
(8); S-adenosyl-[*H ]methionine was purchased from New 
England Nuclear Corp. 

RESULTS 

Altered Ribosomal Protein S4 in Certain Kasugamycin- 
Resistant Strains. In our early efforts to identify the ribosomal 
component altered in kasugamycin-resistant strains of 
E. coli, #H- and 'C-labeled 30S subunit proteins from JC411 
(ksgA*) and FS215 (a ksgA23 recombinant derived by con- 
jugation of JC411 with FS157) were compared by cochroma- 
tography on phosphocellulose columns. Fig. 1 demonstrates 
that one 30S protein from the mutant eluted at a significantly 
lower salt concentration than its counterpart from the 
wild-type strain, whereas the elution positions of all other 30S 
proteins from the two strains coincided. No chromatographic 
differences were observed in a parallel analysis of 50S subunit 
proteins. 

To further examine the relationship between the ksgA locus 
and the altered protein, two independently isolated, kasuga- 
mycin-resistant mutations were introduced into JC411 
(ksgA*) from FS131 and FS157 by cotransduction with 
leu. Chromatographic comparison of the parental 30S proteins 
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Fig. 2. (a) Detail of elution profile of 30S total proteins from *H-labeled JC411 and “C-labeled FS232. Preparation and chromatog- 


raphy of sample was performed as described in Fig. 1 and ref. 11. *H-labeled JC411 (— —); “C-labeled FS232 ( 


). (6) Polyacrylamide 


gels of peaks from chromatogram depicted in a. Gel of total 30S proteins is shown at /eft; gels from individual column fractions are shown 


at right. Gels contained 7.5% acrylamide and 0.8% methylene bis-acrylamide and were run according to Moore et al. (36 


). Protein S4 is 


unambiguously identified in this system since it migrates as a separate band. Similar analyses of FS215 and FS233 yielded identical results. 
Bands marked by asterisk (*) also contain other proteins that elute at different positions in the chromatogram. A faint band due to pro- 
tein S11 is visible in tube 188 at the same level as protein S9; this band is not present in tube 178. Protein S11 most likely accounts for the 


small '*C-peak between tubes 185 and 188. 


with those from the two transductants, FS232 (ksgA19) and 
F'S8233 (ksgA 23), resulted in elution patterns indistinguishable 
from that of Fig. 1; a detail of one of these chromatograms is 
presented in Fig. 2a. Thus, the locus that determines the 
altered protein must be close to or identical with «sgA, since 
it was present in two independent transductants selected for 
leu* and scored for kasugamycin resistance. 

The altered 30S protein in strains FS215, FS232, and FS233 
was identified by polyacrylamide gel electrophoresis of 
material from individual column fractions, as illustrated in 
Fig. 2b for FS232. The analysis demonstrates that samples 
from the displaced mutant peak (tube 178) and from the wild- 
type peak (tube 188) both contained a single component that 
migrated to a position characteristic of 30S protein S4. At the 
pH used for electrophoresis, there was no difference in the 
mobilities of the chromatographically altered and unaltered 
proteins. 

There is considerable evidence that the structural gene for 
protein S4 is located in the ribosomal protein gene cluster 
near 64 min on the £. coli chromosome map (11-15). Since 
the original mutant of the S4 structural gene was designated 
ram (15), we propose that the new locus for altered S4 near 
0.5 min be designated ramB, in contrast to the original locus 
near 64 min, which is redesignated ramA. 


Separability of ksgA from the Locus for Altered S4. The locus 
for altered protein S4 (ramB) is apparently distinct from 


ksgA, although precise determination of its map position has 
been impeded by lack of a convenient method for scoring the 
mutant phenotype in vivo. Nonetheless, the separability of the 
two genes is strongly suggested by the following observations. 
(a) Strain FS216 (ksgA + ksgB/) has been shown to possess an 
altered S4 similar in its chromatographic properties to that of 
FS215, and is therefore ramB. Since FS216 was constructed by 
conjugation of FS157 (ksgA23 ksgB1 ramB2) with JC411 
(ksgA + ksgB* ramB*), the presence of the altered protein in 
FS216 can be most easily explained by postulation of a cross- 
over between ksgA and ramB. (b) Transduction of the ksgA23 
allele into FS241, a leu~ derivative of Q13, by the same 
methods used to construct FS232 and FS233 (selection for 
leu*, followed by scoring for kasugamycin resistance) re- 
sulted in the ksgA 28 strain FS242 whose 30S subunits did not 
possess a chromatographically altered protein 84. Thus, 
although ramB and ksgA are sufficiently close to be cotrans- 
duced, as in the construction of FS233, they are not oblig- 
atorily cotransduced. (c) No chromatographic differences 
were observed upon comparison of 308 proteins from Q13 and 
FS240, a spontaneous kasugamycin-resistant derivative of 


Q13. 


Kasugamycin Resistance Attributable to Abnormal 16S RNA. 
The evidence that ramB is genetically distinct from ksgA 
suggests that ramB is not directly related to the mechanism 
of ribosomal resistance to kasugamycin. Accordingly, 30S 
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ribosomal subunits were reconstituted from 30S total proteins 
and 168 RNA of JC411 (ksgA*+ramB*) and FS232 
(ksgA19 ramB1) and tested for their susceptibility to the 
antibiotic in an in vitro polypeptide-synthesizing system. As 
shown in Table 2, reconstituted subunits were resistant to 
kasugamycin only when 16S RNA was derived from a 
kasugamycin-resistant strain; total proteins from the same 
strain, which included altered S4, did not produce kasuga- 
mycin-resistant subunits unless combined with homologous 
RNA. 

Ribosomal subunits were also reconstituted with com- 
ponents from the ksgA * strains Q13 or FS241 and their ksgA 
derivatives, FS240 (ksgA30) or FS242 (ksgA23), all of which 
are ramB*. In all cases, it was found that the presence of 16S 
RNA from a kasugamycin-resistant strain was required to 
form particles resistant to the drug in vitro (data not shown). 
Moreover, the levels of resistance observed with proteins 
from the ramB* strains were not significantly different from 
those obtained with protein mixtures containing altered S4. 
Our findings are thus consistent with the work of Helser et al. 
(7), who first demonstrated that kasugamycin resistance was 
due to altered 16S RNA. 

In addition, fingerprint analysis of RNase T, digests of 
['4C ]methyl-labeled 168 RNA from JC411 and FS232 showed 
that the oligonucleotide AACCUG from FS232 RNA lacks 
the four methyl groups normally present in mature 16S mol- 
ecules (21). We have also demonstrated that 23S core particles 
derived from the 30S subunits of ksgA strains are excellent 
substrates for a methylating enzyme present in extracts of 
ksgA* but not of ksgA strains; the methylase is present in the 
S-100 fraction, but is found in relatively higher concentration 
in extracts from salt-washed ribosomes (8). Core particles made 
from the 30S subunits of ksgA* strains are not substrates for 
the methylating enzyme. These findings are in accord with 
those already reported (7, 8) and are, therefore, not presented 
in detail here. 


DISCUSSION 


We have shown that mutations in a gene (ramB) close to 
ksgA leads to a change in the chromatographic mobility of 
30S protein S4, while mutations in ksgA result in under- 
methylation of a specific nucleotide sequence in the 168 RNA 
(7). A possible explanation for the unexpected finding of 
alteration of 30S protein S4 in each of two tested nitroso- 
guanidine-induced mutants (FS131, FS157) selected for high- 
level resistance to kasugamycin is suggested by the fact that 
protein S4 is one of the five or six 30S ribosomal proteins that 
interact directly with 168 RNA during subunit assembly 
(23-25). If interaction of altered 16S RNA with mutant pro- 
tein S4 produces a ribosome structure more resistant to 
kasugamycin than that resulting from altered 168 RNA 
alone, double mutations would be favored. Although this 
conjecture cannot be excluded, it is unlikely since (a) ksgA 
ramB strains are not significantly more resistant to kasuga- 
mycin in vivo or in vitro than other ksgA ramB* strains, 
(b) altered and unaltered S4 protein have approximately the 
same affinity for 168 RNA (P. Spierer and R. A. Zimmermann, 
unpublished), and (c) methylation of 16S RNA is thought to 
occur subsequent to the binding of protein S4 during subunit 
assembly (26). There may be other selective advantages 
(apart from resistance to kasugamycin) to ksgA mutants, 
which are also ramB. Testing this hypothesis requires con- 
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struction of an isogenic set of strains carrying one or both of 
the same ramB and ksgA alleles, which has not yet been 
possible due to the cumbersome necessity of scoring for ramB 
by column chromatography. It is possible that coincidence of 
ksgA and ramB mutations occurred by chance in our strains 
because it is known that after exposure to nitrosoguanidine, 
multiple mutations are frequently found within a 2-min map 
distance of the mutation for which initial selection was made 
(27). 

Cotransduction of a gene (ramB) for altered protein S4 
with ksgA, which is located near 0.5 min on the E. coli 
linkage map, would appear to be paradoxical, since the same 
protein is altered by ramA (11) and by certain mutations re- 
versing streptomycin dependence (12-14), all of which 
map near 64 min. Insofar as is known, protein S84 does not 
consist of more than one polypeptide chain (28). Moreover, 
although examples of gene duplication in bacteria are known 
(29), it is unlikely that both ramA and ramB are structural 
genes for S4. If they were, one would expect ramA*+ ramB 
strains such as FS215 and FS232 to yield two approximately 
equal peaks of normal and mutant S4. However, analysis of 
the normalized chromatograms presented in Figs. 1 and 2a 
reveals that about 85% of the 'C-radioactivity in the S4 
region (fractions 175-194) is associated with the mutant S4 
peak; most of the remaining 15%, which is nearly coincident 
with, but slightly displaced from, the normal S4 peak, 
probably consists of protein S11 (see Fig. 2b). Nonetheless, 
since the presence of a small amount of normal S4 in the 30S 
subunits of ramAt+ramB strains cannot be completely 
excluded, the existence of two structural genes for this 
protein remains a possibility. To explain the chromatographic 
results in such an event, one would have to postulate either 
preferential synthesis of mutant 84 or preferential incorpora- 
tion of mutant S4 into the ribosomes. 

A more likely explanation is that the primary structure of 
protein 84 is encoded only by the ramA (15), or rpzD (12), 
locus in the strA region, consistent with the mounting evidence 
that the ribosomal protein genes clustered near strA at 64 min 
are structural genes (30), and that the ramB gene product 
is an enzyme that modifies protein S4. It is intriguing in this 
regard to note that the C-terminal amino-acid sequences of 
several mutant forms of protein S4 have been found to vary 
substantially in length (31). This observation could be inter- 
preted to mean that protein S4 is cleaved from a longer 
precursor molecule; if so, the ramB gene product would be a 
potential candidate for the putative cleavage enzyme. Al- 
ternatively, ramB might alter protein S4 by a group-transfer 
reaction; several enzymes that perform secondary modifica- 
tions of ribosomal proteins by methylation, phosphorylation, 
and acylation have already been described (22-34). Finally, 
the presence of the ramB gene near ksgA would raise the 
possibility that there is a grouping of ribosome-modifying 
genes near 0.5 min on the bacterial chromosome. 

The functional significance of protein S4 alteration re- 
sulting from mutation at the ramB locus remains to be 
clarified. It is reasonable to predict that translational fidelity 
should be affected in ramB strains, since the alteration of 
protein S4 in ramA mutants has a striking influence on 
accuracy of translation (11, 15). Preliminary experiments have 
in fact shown that the 70S ribosomes of strains FS232 and 
FS233 (both ramB ksgA) differ notably from those of strain 
JC411 (ramB* ksgA*) in their ability to misread poly(U) 
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templates, as measured by the relative incorporation of 
isoleucine and phenylalanine in vitro (Ikeya, Y. & Sparling, P. 
F., unpublished). 
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ABSTRACT Cultured mouse lymphosarcoma cells are 
killed on exposure to 0.1 mM N°,O”-dibutyryl-adenosine 
3’:5’-cyclic monophosphate. A population of cells resistant 
to the killing effect of dibutyryl cyclic AMP at concentra- 
tions as high as 1 mM was selected. The growth char- 
acteristics of the resistant cells were similar to those of the 
sensitive parental line. However, the resistant cells con- 
tain less cytoplasmic cyclic AMP-binding proteins and de- 
creased cyclic AMP-stimulated protein kinase activity. 
It is proposed that transition from sensitivity to resistance 
to dibutyryl cyclic AMP in lymphoma cells is connected 
with a modification of the cyclic AMP-binding protein, 
which appears to be the regulatory subunit of the cyclic 
AMP-activated protein kinase. 





Exposure of cultured lymphoid cells to adrenal steroid hor- 
mones leads to inhibition of cell growth and, ultimately, to 
cytolysis (1). Various experiments suggest that specific protein 
synthesis induced by steroid hormones is required for this 
process (2, 3). Steroid-resistant variants have been isolated 
that contain decreased quantities of the specific cytoplasmic 
receptor molecules thought to mediate steroid action (4, 5). 

Adenosine 3’:5’-cyclie monophosphate (cAMP), although 
not a direct intermediate in glucocorticoid action (6), fre- 
quently mimics the vhysiological effects of the steroids. In this 
publication, we demonstrate that the cyclic nucleotide can 
also promote the death of lymphoid cells and that cAMP- 
resistant cells can be obtained that contain lower concentra- 
tions than normal cells of cAMP-binding proteins. Further- 
more, we show that the binding proteins that are diminished in 
the resistant variants behave like the regulatory subunits of 
the cyclic AMP-dependent protein kinase. Therefore, cAMP- 
induced cytolysis very probably involves the combination of 
the cyclic nucleotide with this protein subunit. 


MATERIALS AND METHODS 


The mouse lymphoma line $49.1 TB4, obtained from Ruth 
Epstein, Salk Institute, San Diego, was propagated in Dul- 
becco’s medium (General Biochemicals) containing 10% heat- 
inactivated horse serum. Cell concentrations were assayed by 
a Coulter Counter model F with a cell-size threshold value 


Abbreviation; N*,0*’-dibutyryladenosine 3’:5’-cyclic mono- 


phosphate, ButecAMP. 
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that excluded the majority of cells with pyenotic nuclei (1). 
(H]JcAMP, (H]N®,0?’-dibutyryl cAMP (ButecAMP), and 
[y-**P ATP were obtained from New England Nuclear Corp. 
Unlabeled ButecAMP was purchased from Calbiochem, and 
unfractionated calf-thymus histones from Sigma Co. 

Cyclic AMP binding to cellular proteins was measured by 
the competition assay of Gilman (7). The reaction mixture 
contained, in a final volume of 0.1 ml: 50 mM potassium 
phosphate buffer (pH 7.0) or the same concentration of sodium 
acetate (pH 6.5), 3 mM theophylline, and 0.5 uM [*H JeAMP 
(24 Ci/mmol). The reactions were started by addition of the 
protein samples. 

Protein kinase activity was determined by measurement of 
the incorporation of **P from y-labeled ATP into histone. The 
reaction mixtures contained, in a final volume of 0.2 ml: 
[y-PJATP (8 X 10‘ cpm/nmol), 1 mM theophylline, 10 mM 
dithiothreitol, and enzyme protein. Incubations were at 30° 
for 5 min with or without 1 4M cAMP. Protein-bound **P was 
determined by the method of Kabat (8). 

Protein concentrations were determined by the method of 
Lowry et al. (9). 

RESULTS 

Killing of cultured lymphoma cells by ButzcAMP and the 
emergence of a resistant population 

yrowth of the mouse lymphoma line 849.1 TB4 that is sensi- 
tive to glucocorticoids (1) was inhibited by ButecAMP at 
concentrations as low as 10 uM, and at 0.1-1 mM ButecAMP 
(with 0.2 mM theophylline) there was virtually complete 
cytolysis 48 hr after treatment (Fig. 1). Theophylline alone, at 
this concentration, had no effect on cell growth. Neither cAMP 
itself, adenine, adenosine, nor 5’-AMP at a concentration of 
0.1 mM inhibited cellular growth. 

We derived a ButecAMP-resistant population of $49.1 TB4 
cells by growing the sensitive cells in the presence of 0.2 mM 
theophylline and increasing ButzcAMP concentrations step- 
wise from 1 to 100 uM over a period of about 30 days. This 
partially resistant population was then exposed to 1 mM 
ButecAMP for a week; the survivors of this treatment were 
used as the cAMP-resistant cells. The growth rates of both 
sensitive and resistant populations are similar in the absence 
of ButeeAMP (Fig. 1). No cytolysis occurred in the resistant 
cells at 1 mM ButecAMP with 0.2 mM theophylline (Fig. 1), 
and the cells remained resistant to these concentrations when 
cultured in medium free of ButeeAMP and theophylline for up 
to 6 months. 
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Mechanism of ButzxcAMP resistance 


Because free cAMP itself does not inhibit the growth of even 
ButecAMP-sensitive lymphoma cells, we investigated the 
possibility that resistance to ButeeAMP might be due to in- 
ability of the substituted nucleotide to enter the resistant 
cells. We therefore sought to increase the intracellular cAMP 
concentration indirectly by adding prostaglandin to the 
medium of both sensitive and resistant cells. In both cases 
there was a marked increase in the internal cAMP concentra- 
tion (manuscript in preparation) ; however, only the growth of 
the ButecAMP-sensitive cells was inhibited. These results 
suggest that the resistant cells are truly insensitive to intra- 
cellular cAMP and are not simply unable to take up exogenous 
ButecAMP. Consistent with this conclusion was the finding 
that both sensitive and reistant cells showed an identical 
uptake of [7H|]ButecAMP (0.4 pmol per 4 X 10 cells in a 
3-hr incubation) at an external nucleotide concentration of 
1.4 uM. 

We next inquired whether cAMP resistance is due to im- 
paired binding to a specific cytoplasmic receptor. We in- 
cubated [*H]cAMP with cytosols from sensitive or resistant 
lymphoma cells and subjected the mixtures to gel filtration 
on Sephadex G-25. Fig. 2 shows that there is much greater 
macromolecular binding by cytoplasmic extracts of sensitive 
than of resistant cells, as shown by the amount of radioactivity 
excluded by the column. In seven different experiments, the 
binding to sensitive cell extracts was 4-8 times higher than to 
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Fig. 1. (left). Effect of ButeecAMP on the growth of sensitive 
and resistant lymphoma cells. Cells sensitive to ButeecAMP were 
grown in the absence (a——a) or presence (A——A) of 1 mM 
ButzcAMP and 0.2 mM theophylline. Cells resistant to ButeeAMP 
were grown in the absence (@——-@) or presence (O——-CO) of the 
same reagents. 

Fic. 2. (right). Gel filtration of [*H]cAMP-bound cytosols 
from ButzcAMP-sensitive and -resistant cells. Centrifuged packed 
cells (1-2 ml) were homogenized with an equal volume of 0.25 M 
sucrose in 0.05 M Tris-HCl buffer (pH 7.4) containing 3 mM 
MgCl, and 4 mM 2-mercaptoethanol. Particulate material was 
removed by a 90-min centrifugation in a Spinco preparative 
ultracentrifuge at 40,000 rpm (105,000 x g). The same amounts 
(25 mg of protein) of the resulting cytosols from both ButzecAMP- 
sensitive (@) and resistant (©) cells were incubated for 60 min 
at 0° with 0.5 uM [*H]cAMP in the presence of 5 mM theophyl- 
line. The macromolecular-bound [H]cAMP was then separated 
from free [*H]cAMP by filtration through a 1.2 X 20 cm Sepha- 
dex G-25 column equilibrated with 0.05 M Tris-HCl buffer (pH 
7.5). 1-ml Fractions were collected, and samples of 0.1 ml were 
counted for radioactivity in a scintillation counter with a mixture 
of Triton X-100—water—Omnifluor—toluene (25: 4:04:70). 
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Fic. 3. Specific cAMP binding by cytoplasmic extracts from 
ButzcAMP-sensitive and resistant lymphoma cells at various 
cAMP concentrations. Reaction mixtures in a total volume of 0.1 
ml contained 50. mM sodium acetate buffer (pH 4.5 or 6.0), 2mM 
theophylline, 120 or 140 yg of cytosol protein from sensitive or 
resistant cells, and various concentrations of [*H|cAMP (24 
Ci/mmol) with or without 0.5 mM nonradioactive cAMP. The 
difference between the amount of [*H]cAMP bound to cyto- 
plasmic extracts in the absence and presence of excess nonradio- 
active cAMP is considered a measure of the “‘specifically-bound”’ 
cAMP. The concentration of free [*H]cAMP is obtained by sub- 
traction of the total bound [*H]cAMP from total [*H]cAMP 
present in the incubation. e——e, sensitive cytosol (pH 4.5); 
O—— 0, sensitive cytosol (pH 6.0); a——a, resistant cytosol (pH 
4.5); A——~, resistant cytosol (pH 6.0). 


cytosols from resistant cells, but in each case some residual 
binding by resistant cell extracts was found. 

“Specific” binding curves were next compared at two pH 
values with cytosols from both types of cells. Specific binding 
was calculated by subtraction of a blank value (obtained at a 
given concentration of radioactive cAMP together with a 500- 
to 1000-fold excess of nonradioactive cAMP) from the value 
obtained with the radioactive nucleotide alone (10). Fig. 3 
shows that at pH 4.5 the specific binding components in both 
cells become saturated at lower cAMP concentrations than at 
pH 6.0. At both pH values, however, there was substantially 
less specific cAMP binding by resistani cell cytosol at all the 
cAMP concentrations tested. These results, together with the 
experiments shown in Fig. 2, lead us to conclude that resistant 
cells contain fewer cAMP receptors than do sensitive cells. 


Characteristics of “‘sensitive”’ and “‘resistant”’ 
cAMP-binding proteins 

In addition to these quantitative differences, the shape of the 
curves in Fig. 2 suggest the possibility of qualitative differ- 
ences between “sensitive” and “resistant’’ binding proteins. 
Although obviously a final decision cannot be based only on 
measurements made in a crude extract, this point was in- 
vestigated further by examination of the influence of pH on 
the binding at two different concentrations of the cyclic 
nucleotide by “sensitive’’ and “resistant’’ cytosols. Fig. 4 
shows that binding by resistant cytosol has a pH optimum of 
about 4.5 for both cAMP concentrations. At the lower con- 
centrations of cAMP, sensitive cytosol shows optimal binding 
at the same pH. However, the pH-binding curve at the higher 
nucleotide concentration seems qualitatively different in the 
sensitive as compared to the resistant cells. The data in Fig. 4 
indicate that the sensitive cytosol might contain two types of 
cAMP-binding sites, one with a higher affinity for the nucleo- 





Biochemistry: Daniel et al. 





BOUND CYCLIC AMP 3H/mg PROTEIN 











pmol 


Fic. 4. Effect of pH on cAMP binding activity. In a total 
volume of 0.1 ml the reaction mixtures contained: 50 mM buffer 
(pH 3.5-6.5 sodium acetate and pH 7.5-8.0 Tris-HCl), 2 mM 
theophylline, 0.5 «6M or 5 nM [*H]cAMP (24 Ci/mmol), and 82 
or 170 yg of cytosol protein from sensitive or resistant cells. 
The protein-bound cAMP was assayed on Millipore filters (9) 
with 20 mM buffers of the same pH. @ @, sensitive cytosol 
(0.5 uM cAMP); O——o, resistant cytosol (0.5 uM cAMP); 
a A, sensitive cytosol (5 nM cAMP); A A, resistant 
cytosol (5 nM cAMP). 


tide than the other. The resistant cytosol appears not to 
contain the lower affinity sites, and also seems to have a 
diminished concentration of the higher affinity sites compared 
to the sensitive cytosol. 

We also bound *H-labeled cAMP to both sensitive and 
resistant extracts and subjected them to get filtration on 
Sephadex G-200 (data not shown). The binding activity in 
both extracts emerged as a single peak. The binding activity 
from sensitive cytosol was included in the gel and had, by 
comparison with known proteins, apparent molecular weights 
of 105,000 and 107,000 in two experiments. However, the 
binding activity from resistant cell cytosol (in three experi- 
ments) was excluded from the gel, suggesting that it may have 
a higher molecular weight. The signifiance of this apparent 
difference between the size of the sensitive and resistant 
binding activities, if any, cannot be assessed until further 
purification of the extracts. 


Identity of the cAMP-binding protein in lymphoma cells 


In many different mammalian tissues the cAMP receptor is a 
regulatory subunit that controls the activity of a protein 
phosphokinase (11, 12). Experiments were therefore per- 
formed to determine whether this is the case in our cultured 
lymphoma cells. Extracts of sensitive and resistant cells were 
chromatographed on DEAE-Sephadex, and the cAMP binding 
and histone kinase activities were identified (Fig. 5A and B). 
In both cases the cAMP-binding macromolecules migrate with 
the cAMP-activated kinase activity. A decreased binding 
activity in resistant cells was seen by this technique and was 
accompanied by a diminished cAMP-activated kinase. 
Similar conclusions were reached on the basis of sucrose den- 
sity gradient centrifugation of the two cytosols (not shown). 
Since the cAMP-binding activity in both sensitive and re- 
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sistant cell extracts cochromatographed on DEAE-Sephadex 
and cosedimented on sucrose gradient with their respective 
cAMP-activated histone kinase, it appears that in both types 
of cells the cAMP receptor is the regulatory subunit. 


DISCUSSION 


The results presented show that exogenous ButecAMP 
inhibits the growth of cultured mouse lymphoma 849.1 TB4 
cells and ultimately leads to their death. Experiments with 
prostaglandin EF; suggest that endogenously generated cA MP 
has a similar effect. Variants of the parent cell line resistant to 
high concentrations of added ButeeAMP (and to prostagland- 
in) were easily derived from the sensitive parent line. 
Compared to the sensitive cells, these resistant variants 
contain lowered concentrations of cAMP-binding macromole- 
cules, which appear to be the regulatory subunits of the 
cAMP-activated protein kinase. Our data suggest that cAMP 
resistance is accompanied by a decrease in the activity of 
cAMP receptors and, perhaps, by a change in their physical 
properties. However, none of our experiments indicates 
whether the transition from cAMP-sensitivity to resistance 
represents a genetic change or some type of heritable phon- 
typic variation. 

The mechanism by which cAMP induces the killing of sen- 
sitive lymphoma cells is unknown. The cylic nucleotide in- 
hibits the growth of transformed, cultured mouse-embryo 
fibroblasts (13) and slows the uptake of added uridine, leucine, 
and 2-deoxyglucose by these cells (R. Kram, in preparation). 
Glucocorticoids that decrease the penetration of macro- 


molecular precursors into thymic lymphocytes (2, 


2) also 


3 


10 


10 


cpm 


325 INCORPORATION (cpm * 


CYCLIC AMP BOUND 


PROTEIN KINASE ACTIVITY 


FRACTION NUMBER 
Fic. 5. DEAE-Sephadex A-50 chromotography of cytosols 
from ButezcAMP-sensitive or resistant cells. 60 mg of cytosol 
protein (prepared as described in legend to Fig. 2) was applied 
to a DEAE-Sephadex A-50 column (2.5 X 4 em) equilibrated with 
0.05 M Tris-HCl buffer (pH 7.4) containing 4 mM 2-mercapto- 
ethanol and then eluted with a 100-ml linear (0.05-0.5 M) KCl 
gradient in the same buffer. 1.0-ml Fractions were collected and 
50 1-ml samples were assayed for [7H]cAMP binding (O——O), 
protein kinase (@ @), and cAMP-activated protein kinase 
(e @) activities (see Methods). (A) Chromatography of 
ButezcAMP-sensitive cell cytosol; (B) chromatography of But:- 
cAMP-resistant cell cytosol. 
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ABSTRACT The major chromomeres of pachytene 
chromosomes 6 and 1] in the oocytes of Acheta (Orthop- 
tera) are regions of amplification for ribosomal RNA cis- 
trons (28 S and 18 S). During late prophase the amplified 
DNA copies are released from the chromomeres, which de- 
crease in size as the amount of DNA decreases. The number 
of nucleotide pairs released from the major chromomere 
of chromosome I1 is about 1.38 X 10°. 





The concept of chromomere—band-gene was determined by 
cytological and genetic studies (1, 2) of polytene and 
pachytene chromosomes. Recently, on the basis of new data 
from structural, genetic, and molecular analyses of chromo- 
meres, this concept is being expanded and revised. 

Structural analysis of pachytene and diplotene chromo- 
somes established that the chromomeres consist of spiralized 
segments of the chromosome (3, 4). Later, studies on the DNA 
of higher organisms disclosed that (a) there is no correlation 
between large amounts of DNA and obvious developmental 
complexity, (6) repeated DNA sequences occur in most 
eukaryotes (5), and (c) in certain bands of giant chromosomes 
of insects the amount of DNA increases differentially (6-8). 
As a result of this evidence the chromomere was looked upon, 
not as a single genetic unit, but as a structure with multiple 
genetic functions consisting of repeated copies of given cistrons 
or given DNA sequences (9-11). Recently, a more radical 
model has been proposed in which the chromomeres or bands 
would be the control elements, whereas the interbands or 
fibrils between the chromomeres would be the coding se- 
quences of the chromosomal DNA (12). 

Before presentation of the data on the release of DNA 
copies from the chromomeres the principal data on gene 
amplification in Acheta should be mentioned. (a) At early 
pachytene there are five major chromomeres or DNA bodies 
in Acheta oocytes that are not present in the spermatocytes. 
The major chromomeres are formed by extra DNA synthesis 
occurring at the interphase and early prophase of meiosis 
(13, 14). (6) Besides the main band, there is a DNA satellite, 
which has a calculated GC content of 56% (buoyant density 
1.716 g/ml). (c) The DNA satellite of ovaries at the interphase 
of meiosis, where the major chromomeres are largest, contains 
14% of the ovarian DNA, whereas the DNA satellite of testes, 
where no major chromomeres are present, contains 0.8% of the 
total testes DNA (15). This result suggested that the large 
DNA satellite seen in ovaries represents the DNA of the major 
chromomeres. (d) To test this assumption Acheta DNA from 
ovaries (fractionated on CsCl gradients) and 28S and 188 
ribosomal RNA of Acheta labeled with *P or *H were hy- 
bridized. The hybridization peak occurred at the position of 
the DNA satellite. This shows that the ribosomal cistrons are 


present in the satellite DNA (15, 16). (e) To check the ampli- 
fication process further, [7H]RNA-DNA hybridization at 
saturation was performed. The percentage of ribosomal RNA 
bound to DNA was nearly the same in testes and somatic 
tissues but it was 4- to 5-times higher in ovaries (16). (f) 
Further confirmation that the major chromomeres repre- 
sent amplified regions of ribosomal DNA was obtained by 
isolation of the DNA satellite on CsCl gradients and by 
preparation, with RNA _ polymerase, of complementary 
({H|RNA from satellite DNA. This complementary RNA 
was then hybridized in situ with the pachytene chromosomes 
of Acheta oocytes, and it hybridized mainly with the major 
chromomeres (17). (g) The amounts of DNA in each pachy- 
tene chromosome of the oocytes, in the pachytene chromo- 
somes of the spermatocytes, and in the major chromomeres 
were measured (18). 

This evidence indicates that the major chromomeres pre- 
sent in Acheta oocytes at early pachytene contain amplified 
ribosomal RNA cistrons. 


MATERIALS AND METHODS 


The amount of DNA in Feulgen-stained pachytene chromo- 
somes was measured by a Zeiss Scanning Microscope Photom- 
eter 05 connected to a Facit Tape Punch. The tapes were then 
analyzed by a computer, the values being displayed as contour 
maps of iso-brightness or as a volumetric display on an incre- 
mental plotter. For the measurements, the chromomeres of 
every chromosome and all the chromosomes of a cell must lie 
on a single plane. Human lymphocytes and rat-kidney nuclei 
were used as standards. Details of the procedures used were 
described (18). 

RESULTS AND DISCUSSION 
In Acheta, every chromosome of the complement can be 
identified at pachytene, by its size and chromomere markers. 
This allows us to establish the number of amplification sites 
and to locate them in specific chromomeres (19). 

The number of major chromomeres, their size from early 
to late pachytene, and their DNA content have been recorded. 
The amount of DNA in the five major oocyte chromomeres at 
early pachytene is 4.18 pg, and 9.11 pg in the rest of the chro- 
mosomes. Three of the major chromomeres release their DNA 
copies early in development, and they are hardly visible by 
middle pachytene. The two largest chromomeres are of about 
the same size at early pachytene (Fig. 1), and at this stage 
contain, on the average, 2.00 pg and 1.48 pg of DNA. The 
average amount of DNA per chromomere pair for the other 
chromomeres of the pachytene chromosomes of Acheta is 0.04 
pg. It can then be seen by middle-—late pachytene that one of 
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Figs. 1-3. Feulgen-stained nuclei of Acheta at pachytene. At early pachytene (Fig. 1) the two major chromomeres, belonging to 
chromosomes 6 and 11, are about the same size. At late pachytene, stage 1 (Fig. 2), the major chromomere of chromosome 6 (which was 
separated from its chromosome by the squash) becomes a “puff” with the DNA copies separating from each other. The major chromomere 
of chromosome 11 has in the meantime released some of its DNA copies, becoming now only what could be called a large chromomere. 
Later, at late pachytene, stage 2 (Fig. 3), the major chromomere of chromosome 11 has released most of its copies and it is indistinguish- 
able from the smallest chromomeres of the chromosome complement, X 1,700. 

Figs. 4-7. DNA measured in Feulgen-stained nuclei of Acheta at pachytene by the Zeiss Scanning Microscope Photometer 05. The 
extinction values were recorded on tape and processed by a computer. They are displayed as a contour map of iso-brightness curves. The 
amount of DNA in the major chromomere of chromosome 6 remains practically constant, whereas that of the major chromomere of 
chromosome 11 decreases from early (Fig. 4) to middle (Fig. 5) to late, stage 1 (Fig. 6), and late, stage 2 (Fig. 7), pachytene. The amount 


of DNA released is 1.43 pg. 
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the amplified chromomeres is located at one end of chromo- 
some 6 and the other is located at one end of chromosome 11 
(Figs. 2 and 3). At this stage, the DNA copies in the amplified 
chromomere of chromosome 6 open out in the form of a “‘puff.’ 
The DNA copies are active in RNA synthesis, as checked by 


MAJOR 
CHROMOMERE 
CHROM. 6 
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(°H Juridine incorporation (13, 14). No appreciable number of 
copies is released from the amplified chromomere of chromo- 
some 6 throughout pachytene (Figs. 4-8). Only at late diplo- 
tene do most copies leave this chromomere. On the other hand, 
the amplified chromomere of chromosome 11 starts releasing 
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Fic. 8. The same cells measured in Figs. 4-7 are shown in computer volumetric display. The major chromomere of chromosome 11 is 
indicated by an arrow. The average amount of DNA in pg is given on the left side for the major chromomere of chromosome 6 and on 
the right side for the major chromomere of chromosome 11. At late pachytene, stage 2 (bottom of figure) every chromosome could be 
identified separately. 
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its copies during early pachytene. Its diameter decreases, from 
early to late pachytene (stage 2), from 1.8 um to 0.4 um. What 
was a DNA body or major chromomere at early prophase 
becomes a large chromomere, then a chromomere of average 
size, and finally a minute chromomere (see Figs. 4-7). During 
this process the DNA copies separate and the major chromo- 
mere builds a smaller “puff” than that formed on chromosome 
6. As the copies are released, the amount of DNA decreases 
from an average of 1.48 pg (early pachytene) to 0.27 pg 
(middle pachytene) to 0.11 pg (late pachytene, stage 1) and, 
finally, to 0.05 pg (late pachytene, stage 2, Fig. 8). This means 
that as much as 1.4 pg of DNA is released from a single major 
chromomere during pachytene, transforming it into a minor 
chromomere. This amount of DNA corresponds to 1.38 X 10° 
nucleotide pairs. 

From the saturation experiments and the haploid DNA 
value of Acheta (2.00 pg) it has been calculated that in 
somatic tissues there are about 171 cistrons (single strand) 
for ribosomal RNA (288 and 18 §). Since most of these sites 
are located in the two major chromomeres of chromosomes 6 
and 11, as shown by hybridization in situ with complemen- 
tary RNA and with 28S and 18 S Xenopus RNA (17, 20), the 
major chromomeres of these chromosomes contain redundant, 
tandemly duplicated ribosomal DNA sequences, as well as 
extra DNA copies that result from localized amplification of 
cistrons coding for ribosomal RNA. 

What distinguishes the present data from previous informa- 
tion on localized DNA increase and decrease is the following. 
(a) Chromomeres are shown to contain (not necessarily to 
consist of) gene redundancy and gene amplification. (6) Chro- 
momeres are not only spiralized regions of the chromosome, as 
has been shown in several other species, but, at least for the 
cases described here, extra DNA copies are also an integral 
part of their structure. (c) This redundancy and amplification 
is for well-defined cistrons (the DNA sites that code for 28S 
and 18S RNA), whereas in most previous cases it was not 
known which genes’ were involved in DNA increase. (d) The 
chromomeres studied here are not part of a somatic tissue, 
such as the salivary glands, but are part of the germ line. (e) 
Not only the increase in DNA but also the decrease due to the 
release of the copies could be measured in the very small 
pachytene chromomere pairs, which are on the average about 
1/; and !/1 of the diameter of the salivary gland chromosomes 
of Drosophila and Chironomus, respectively. 

Several questions arise. Do other chromomeres contain 
amplified copies of other genes? Once these copies are re- 
leased are they destroyed at once? If not, do they still have a 
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function? Chromomeres are present at every prophase but are 
particularly large and distinct at the first prophase of meiosis. 
Is this connected with the more elaborate type of genetic 
information needed at this stage, in which more significant 
genetic events take place than in mitosis, and which precedes 
fertilization? 


NOTE ADDED IN PROOF 


Ribosomal DNA is the DNA that contains the segments 
(cistrons) coding for 28 S and 18 8 ribosomal RNA together 
with sequences not homologous to this RNA (‘‘spacer”). 
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ABSTRACT An auxotrophic strain of E. coli K12 treated 
with CaCl was transformed for several markers at a fre- 
quency of up to 10~ per recipient cell by a DNA preparation 
isolated from a prototrophic strain. The transforming 
activity of the DNA preparation was eliminated by treat- 
ment with DNase, heat, or sonication, whereas RNase or 
Pronase treatment had little effect. Two closely linked 
genetic markers (leu and ara) showed a high degree of 
cotransformation linkage when high molecular weight 
DNA was used, but the linkage was almost completely 
eliminated when sheared, smaller molecular weight DNA 
was used. There is genetic evidence that the transforma- 
tion is a result of the replacement of the preexisting genetic 
marker on the chromosome by that of the donor DNA. 





Since its discovery in Pneumococcus (1, 2), genetic trans- 
formation has been reported among several other bacterial 
species such as Haemophilus influenzae (3) and Baciilus sub- 
tilis (4). In Escherichia coli, especiaily in its K12 strain, how- 
ever, attempts to demonstrate genetic transformation have 
been unsuccessful. 

Several unique systems are known in £. coli in which the 
biological activity of isolated DNA can be assayed directly, 
such as transformations by bacteriophage \ DNA with helper 
phages (5). More recently, an efficient transfection system 
was developed by Mandel and Higa using CaCl-treated 
cells (6). In most examples of transfection and transforma- 
tion, the DNA is either phage or plasmid (7) DNA, which is 
circular (or converts to circular forms in the cells). 

During studies on the mechanism of ATP-dependent 
DNase (8-11) from £. coli in this laboratory, we have observed 
that the enzyme does not attack double-stranded circular 
DNA with or without nicks, whereas it causes extensive deg- 
radation of linear DNA molecules. Since fragments of bac- 
terial chromosome are the source of genetic material in other 
general transformation systems, one of the reasons for the 
failure of genetic transformation in £. coli cells might be ex- 
tensive degradation by the enzyme of linear DNA molecules 
lacking any protection mechanism. These characteristics 
of the enzyme plus reports of a mutant that lacks ATP-de- 
pendent DNase yet retains the capacity for genetic recom- 
bination (12) prompted us to examine the possibility of genetic 
transformation in £. coli K12. In this paper, we report the 
genetic transformation of Z£. coli K12 and some of its basic 
characteristics. 


MATERIALS AND METHODS 


Bacterial Strains used in this study are listed in Table 1. 
Genetic symbols are those used by Taylor (13). 


Abbreviation: SDS, sodium dodecy] sulfate. 


Reagents. RNase (pancreas, crystalline RNase A), DNase 
(pancreas, crystalline), and calf-thymus DNA were purchased 
from Worthington Biochemical Co. Pronase (grade B) was 
purchased from Calbiochem. 


Isolation of Transforming DN A. Cells were grown in Pen 
assay broth (Difco), chilled, and harvested at the late ex- 
ponential or early stationary phase by centrifugation. They 
were then suspended in one-fortieth of the original volume 
of cold 0.1 M NaCl-0.1 M EDTA (pH 8.5). 1 M Tris: HCl 
(pH 9.0)-10% SDS (sodium dodecyl sulfate) was added to 
give a final concentration of 0.1 M Tris-HCl and 1% SDS, 
followed by incubation at 42° for 2-5 min until the cell sus- 
pension became viscous. Immediately afterwards an equal 
volume of redistilled phenol (saturated with water) was added, 
and the samples were gently shaken for 20 min at room tem- 
perature. After centrifugation, the aqueous phase was care- 
fully withdrawn and mixed with two volumes of 95% ethyl 
alcohol. Crude DNA was picked up with a glass rod while 
the samples were being mixed with alcohol. The DNA was 
then dissolved in the same volume of 0.1 strength of standard 
saline—citrate (15 mM NaCl-1.5 mM Na;-citrate) that con- 
tained 5 mM EDTA. After the DNA was dissolved com- 
pletely, one-tenth volume of 10-times the strength of standard 
saline—citrate (1.5 M NaCl-0.15 M Na;-citrate) and 25 ug/ml 
of pancreatic RNase [treated in 0.1 M NaCl-10 mM acetate 
buffer (pH 5.2) by the method of Marmur (14)] were added, 
and the sample was incubated at 37° for 30 min. After in- 
cubation, 1 M Tris-HCl (pH 9.0) was added to give a final 
concentration of 0.1 M. After the phenol treatment was re- 
peated, the aqueous phase was treated with ethyl ether (equal 
volume, 3 times) to extract the remaining phenol. The DNA 
was then precipitated with alcohol as described above and 
dissolved in an appropriate volume of 0.1 strength standard 
saline citrate (final DNA concentration, 100-400 ug/ml). 
For certain strains (MO611 and its derivatives), it was neces- 
sary that 200 ug/ml of Pronase (previously treated at 70° 
for 10 min) was present during the Tris-SDS treatment. 
Incubation at 42° was done for 60 min. The DNA thus pre- 
pared can be kept in a refrigerator with a drop of chloroform 
without measurable loss of biological activity for at least 
8 months. As will be discussed later, biologically active DNA 
can be obtained reproducibly only when an endonuclease I- 
negative mutant strain (15) is used as the source of trans- 
forming DNA. 


Transformation. The procedure was a modification of that 
originally discovered by Mandel and Higa for transfection 
of E. coli cells by bacteriophage 4 DNA (6). All treatments 
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TABLE 1. Bacterial strains used in this study 





Derived from 


E. coli K12 strain 





HfrC6 end (endonuclease I negative) 
leu-6 ara-14 his-4 
end leu-6 ara-14 his* 


AB1157(F-) 
MO609(F -) 
W3110 

JC5519(F -) 
JC7623(F -) 
MO611(F-) 
MO617(F-) 
MO618(F-) 
M0626(F -) 
M0627(F-) 
M0619(F-) 


AB1157 


AB1157 
AB1157 
JC7623 
MO611 
MO611 
JC5519 
JC7623 
JC7623 


Relevant genetic characteristic used in this study * 


recB21 recC22 leu-6 ara-14 his-4 

recB21 recC22 sbcB15 leu-6 ara-14 his-4 
end recB21 tecC 22 sbcB15 leu-6 ara-14 his-4 
end recB21 recC22 sbcB15 leu* ara-14 his-4 
end recB21 recC22 sbcB16 lell* ara* his-4 
recB* recC * leu-6 ara-14 his-4 

recB* recC + sbcB15 leu-6 ara-14 his-4 
recB21 recC22 sbcB15 leu-6 ara* his* 


Source 


H. Hoffmann-Berling 
B. Low 

This laboratoryt 
F. Imamoto 

A. J. Clark 

A. J. Clark 

This laboratory} 
This laboratory§ 
This laboratory$ 
This laboratory 
This laboratory‘ 
This laboratory§ 





* Besides genetic characteristics listed here, the following markers are known: HfrC6 (met); W3110 (trp); AB1157, JC5519, JC7623, 
and their derivatives (thr-1 thi-1 lacY-1 mtl-1 ryl-5 galK2 proA2 argE3 str-31 tex-33 sup-37 amber). MO611, MO617, and MO618 require 


tryptophan (trpBC-27). 
t Constructed by conjugation with HfrC6. 


t end was introduced by a mutation with N-methyl-N’-nitro-N-nitrosoguanidine. 


§ Constructed by transformation with HfrC6 DNA. 
1 Constructed by conjugation with HfrKL16(leu). 


and manipulations were done at 0°-2°, unless specified. Three 
ml of overnight culture of the recipient cells grown in P me- 
dium (16) (supplemented with 100 ug/ml of required amino 
acids and 10 ug/ml of vitamin Bl) were transferred to fresh 
medium (usually 80 ml) and incubated at 37° with rotatory 
shaking until the cell density reached 3 X 108/ml. The culture 
was chilled, centrifuged (6000 X g, 10 min), washed once 
with 40 ml of 10 mM CaCle, and suspended in the same volume 
of 25 mM CaCl. After having been kept at 0° for 20 min, 
the cells were centrifuged and suspended in 4-8 ml of 25 mM 
CaCl. 0.3 ml of the cell suspension was transferred to tubes 
that contained DNA (0.1 ml) and CaCl, (50 mM, 0.1 ml). 
The reaction mixture (0.5 ml) was incubated for 45 min at 0° 
followed by 10 min at 37°. The reaction was terminated by 
chilling the tubes at 0°, followed by addition of 1 ug of pan- 
creatic DNase [50 ul of 20 ug/ml in 10 mM Tris- HCl-1 mM 
CaCl. (pH 7.6)]. 0.1 ml of samples (usually duplicate) was 
plated on selective plates (17) that contained minimal medium 
supplemented with required (nonselective) amino acids and 
vitamins. Transformants were counted after 36-48 hr of in- 
cubation at 37°. The same plates supplemented with all the 
requirements were used for counting of the total viable cells 
in the transformation mixture. 
RESULTS 

When the multi-auxotrophic EZ. coli K12 strain (JC7623), 
which lacks ATP-dependent DNase (recB~ recC~) and exo- 
nuclease I (sbcB~) but retains recombination capacity, was 
treated with CaCl. and then exposed to DNA isolated from 
a prototrophic F. coli strain (HfrC6), a significant number 
of colonies arose on agar medium that would not support the 
growth of the original strain. For example (Table 2), after 
exposure to DNA, a small percentage of original strain that 
had required both leucine and histidine was now capable 
of growing without leucine in some cases and without histidine 
in others. CaCl. treatment of the recipient cells was essential 
for production of the colonies. These apparent transformants 
were stable for their newly acquired genetic characters and 
maintained them for many generations. The number of such 


apparent genetic transformants produced per test tube was 
roughly proportional to the amount of DNA added to it, 
up to 10 wg/0.5 ml. The maximum frequency of transforma- 
tion under these conditions was about 10~* for each genetic 
marker, which is considerably lower than that observed in 
the other bacterial transformation systems. Besides leucine 
(leu-6) and histidine (Ais-4) markers, the other available 
genetic markers, arginine (argE3), threonine (thr-1), and 
proline (proA2) requirements and ability to use arabinose 
(ara-14) as a sole carbon source, were also transformable. 
The transformation frequency for all these markers was 
similar to that observed for leucine and histidine. These re- 
sults indicate that transformation events are not limited to 
a few particular genetic markers but occur generally for the 
available markers located at several places on the E. coli 
chromosome, thus suggesting that this system is similar to 
the other known bacterial transformation systems. 


TABLE 2. Transformation with various concentrations of DN A 





No. of transformants 


DNA (ug/0.5 ml) Leu * His* 


0 1 2 
53 28 
109 38 
128 62 
6 184 68 
10 354 126 
10 (no cells) 0 0 
10 (no CaCl, treatment) 3 10 





Transformation was performed with HfrC6 DNA as donor DNA 
and JC7623 cells as recipients. Number of transformants is the 
sum of transformants produced on four plates with a total of 
2.8 X 10* recipient cells. For cells without CaCl, treatment, 
the same cells were resuspended in P-medium instead of in CaCl, 
solution, and transformation was performed. Total recipient 
cells were 8X 108. 
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TaBLe 3. Effect of various treatments of DNA on the 
transforming activity 





No. of Leu* 


Treatment of DNA transformants 





(A) No treatment 335 
DNase (1 ug/ml) 
RNase (20 ug/ml) 
Sonication 
Denaturation (100°, 5 min) 
Denaturation-renaturation 
No DNA 


(B) No treatment 
Pronase (500 ug/ml) 411 





(A) DNA (5 wg/0.5 ml) from HfrC6 and JC7623 cells were 
used as donor DNA and recipient cells, respectively. The number 
of Leu*+ transformants is the sum of the transformants produced 
on four plates with a total of 2.8 x 108 recipient cells. All the 
treatments of DNA were done in 0.1 standard saline—citrate unless 
specified. Treatment with DNase was done at 37° for 20 min 
at DNA concentration of 50 ug/ml in 0.1 standard saline—citrate 
with 5 mM CaCh. Treatment with RNase was done at 37° for 
20 min at DNA concentration of 50 ug/ml in 0.1 standard saline— 
citrate. For sonication, DNA solution (100 ug/ml) was treated by 
sonic oscillation (Raytheon, model DF 101) at maximum 
capacity for 5 min. For denaturation, DNA (100 ug/ml in 0.1 
standard saline—citrate) was heated at 100° for 5 min, followed 
by quick chilling in ice-water. For renaturation, the heated 
denaturated DNA (100 ug/ml) was incubated at 69° for 4 hr in 
2 X standard saline—-citrate, followed by slow cooling to room 
temperature over a 10-hr period. After pulse heating (78°, 5 min), 
the DNA solution was dialyzed against 0.1 standard saline—citrate. 
(B) Same as (A), but total recipient cells were 2.1 X 10%. Treat- 
ment with Pronase was done at 37° for 15 min at DNA concen- 
trations of 268 ug/ml in standard saline-citrate, followed by one 
phenol treatment (see Methods). 


We further investigated the nature of the active component 
in the DNA preparation. As shown in Table 3, prior treat- 
ment of the DNA preparation with pancreatic DNase com- 
pletely eliminated the transforming activity, whereas treat- 
ment with RNase or Pronase had little effect. The activity 
was also lost after sonication or denaturation by heat treat- 


TaBLe 4. Transformation with DNA from various sources 





No. of transformants 





Source of DNA (genotype) Leu* His* 


No DNA 

E. coli K12 HfrC6 (leu*+ his*) 23: 
E. coli K12 F~MO609* (leu- his*) 

E. coli W3110 (leu* his*) 6 
E. coli B 

B. subtilist 

Calf thymus 





— 
Le | 
morn Ras = 





Transformation was performed with 5 ug/0.5 ml of DNA and 
JC7623 as recipient cells. Number of transformants is the sum 
of the transformants produced on four plates with a total of 
8 X 10’ recipient cells. 

* Derivative of AB1157 (see Table 1). 

t Transforming DNA (168W DNA, gift from Dr. I. Smith). 
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TaBLe 5. Evidence for linkage by transformation 





: No. cotransformants/no. examined 
Cotrans- (%) 
Cc 


Selected 
marker with 


formation —W— nt. Se c 
Untreated DNA Sheared DNA 





Leu * Ara* 20/50 (40) 50 (2) 
His* 9/50 (0) 50 (0) 
Leu * 20/50 (40) 3/50 (6) 
His* 0/50 (0) 50 (0) 
Leu* 0/50 (0) 50 (0) 
Arat 0/50 (0) 0/50 (0) 





Transformation was performed with 2 ywg/0.5 ml of HfrCé 
DNA as donor DNA and JC7623 as recipient cells. Fifty randomly 
selected transformants were purified and examined for cotrans- 
formation. 


ment (100°, 5 min). In another experiment (not shown), 
when the DNA preparation was centrifuged in CsCl, the 
active transforming fraction coincided with the DNA frac- 
tion having the buovant density of £. coli DNA (1.710 g/ml). 
These results indicate that the biologically active component 
in the DNA preparation is DNA, and that only double- 
stranded DNA is active for the transformation. We tested 
DNA preparations isolated from various sources. DNA from 
various E. colt K12 strains (Hfr as well as F~) could transform 
the auxotrophic recipients (Table 4). This was also the case 
when DNA from transformed cells was used as donor DNA 
for a second transformation. It should be noted, however, 
that we sometimes encountered difficulties in attempting 
to isolate active DNA from endonuclease I-positive cells, 
probably due to damage by the enzyme to the DNA during 
its isolation. DNA from £. coli B had essentially no trans- 
forming activity. This lack of activity may be due to restric- 
tion of EZ. coli B DNA in K12 cells. 

We next compared the degree of the linkage of two very 
close genetic markers, using both high and low molecular 
weight DNA. The linkage between the leucine (leu-6) and 
arabinose (ara-/4) markers was chosen for this purpose. The 
cotransduction frequency with bacteriophage P1 is close to 
50% or more for various mutational markers in these two 
loci (13, 18). As shown in Table 5, when transformation was 
performed with high molecular weight DNA (untreated, 
estimated molecular weight 30 to 300 X 10*), selecting sepa- 
rately for Leu*, Ara*, and His* transformants, about 40% 
(20/50) of the leucine transformants were also Ara*, whereas 
none (0/50) of the Leu* transformants was His*. This result 
was to be expected since the Ais marker is very distant from 


TABLE 6. Cotransformation of closely linked 
negative genetic markers 





No. cotransformants/no. 
’ Leu * transformants (%) 
0 EES EEE 


DNA (genotype) marker Ara~ His~ 





0/50 (0) 
0/50 (0) 


17/50 (34) 
0/50 (0) 


MO617 (leu* ara~ his~) Leu* 
MO618 (leu* ara* his) Leu* 





Transformation was performed with 6 wg/0.5 ml of DNA as 
donor DNA and M0619 (leu~ ara* his*) as recipient cells. Fifty 
randomly selected Leu* transformants were purified and ex- 
amined for cotransformation. 





Proc. Nat. Acad. Sci. USA 70 (1978) 


the leu and ara genes on the E. coli chromosome. Reciprocal 
tests confirmed the same degree of linkage between leucine 
and arabinose markers. The fact that the reciprocal linkages 
are identical is not significant, since the numbers tested are 
relatively small. The observed cotransformation frequency 
(40%) between leucine and arabinose with high molecular 
weight DNA seems to be a reasonable one relative to the 
linkage value found with P1 transduction, in which the trans- 
ducing fragment has a molecular weight of 6 X 107 (19). In 
similar experiments with sheared, smaller molecular weight 
DNA (estimated average molecular weight, 8 xX 10*), only 
one of 50 leucine transformants was Ara* and three of 50 
arabinose transformants were Leu*. These results indicate 
that physical breakage of the DNA molecules causes loss 
of the genetic linkage originally observed, and further sup- 
port the interpretation that the biologically active fraction 
in the DNA preparation must be DNA itself. 

Another question to be answered in this transformation 
system was whether the donor DNA was integrated into the 
recipient chromosome. Although the observation that trans- 
formants are stable for their acquired characteristics sug- 
gested that integration occurred, we performed the following 
experiment: A recipient strain (leu~ ara* his*) was trans- 
formed with DNA derived from a strain possessing leu*, ara 
and his~ markers. Leu* transformants were selected and 
tested to determine if they had incorporated the donor’s ara 
marker. As seen in Table 6, 34% of the Leu* transformants 
were Ara~. In the control experiment (MO617 DNA) (Table 
6), the absence of Leu*+ His~ types demonstrated that the 
Leu* Ara~ transformants were not due to double transforma- 
tion events. The same control experiment with MO618 (leu* 
ara* his~) DNA showed that the Leu* Ara~ transformants 
are not the result of production of ara~ mutations in or near 
recombination sites such as those reported by Yoshikawa 
(20). The transformation to a negative phenotype (Ara~) 
makes it reasonable to conclude that the donor marker in- 
tegrates into the homologous site of the recipient chromo- 
some, replacing the preexisting marker. 

The genetic basis for the transformability of the JC7623 
(recB21 recC22 sbcB15) strain is not yet clear. Preliminary 
experiments with its parental strain, AB1157 (recB* recC* 
sbcB*), as well as with two recombinants for these genes 
(M0626 and M0627) obtained by conjugation, has produced 
evidence for significantly less transformability. The strain 
that lacks a functional rec system (JC5519) is the only one 
that gave absolutely no evidence of transformability. These 
studies are continuing. 

DISCUSSION 
From our results it seems that transformation in E. coli K12 
strains is similar to that of other bacterial transformation 
systems. There are, of course, other possibilities that could 
explain these results. For example, DNA of some thus far 
undetected phages or plasmids may be present widely in £. 
coli K12 strains and become associated with various chromo- 
somal genetic segments. This DNA could be the source of the 
transforming activity in bulk DNA preparations. Alterna- 
tively, it is also conceivable that DNA of a particular struc- 
ture, which represents only a small portion of the total DNA 
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preparation, is responsible for the transformation. Such DNA 
could be derived from the in vivo intermediate of a cellular 
process such as DNA replication, recombination, or repair. 
The reason for the low frequency of transformation and 
the requirement for high concentrations of DNA in this sys- 
tem is not clear. Perhaps £. coli cells inherently do not have 
an active uptake system for incorporating DNA so that a 
high concentration of DNA outside the cells is necessary. 
On the other hand, the failure to detect a double transforma- 
tion of two unlinked markers (i.e., Leut His*) among trans- 
formants at even very high DNA concentrations seems to 


diminish the possibility that only certain highly transform- 


able recipient cells are responsible for the transformation. 
The possibilities of this transformation system in £. coli 
with its wealth and diversity of genetic and biochemical 
background material is for the most part self evident. Among 
the more intriguing possibilities is the potential for using 
this extremely well-characterized organism as a model to 
study the introduction and integration of genetic information 


from various sources. 


NOTE ADDED IN PROOF 


After submission of this manuscript we completed experi- 
ments that allowed us to conclude that the absence of both 
ATP-dependent DNase (recB~ recC~) and exonuclease I 
(sbeB~) activity are major factors contributing to the trans- 
formability of the E. coli K12 strain (Oishi, M. & Cosloy, 8. 
D., Biochem. Biophys. Res. Commun. in press). 
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ABSTRACT RNA-linked DNA fragments are inter- 
mediates in DNA replication in Escherichia coli cells made 
permeable to nucleoside triphosphates by treatment with 
toluene. Covalent linkage of a short RNA stretch to the 
5’ end of the DNA is proved by transfer of *P from [a-**P]- 
dNTP to ribonucleotides upon digestion with alkali or 
panczeatic RNase, and by a small decrease in the molecular 
size upon alkaline hydrolysis. The **P transfer experiments 
reveal a unique structure...p(rPy)p(rA)p(rU or rC)p- 
(dC)p... at the RNA-DNA junction. 





We have shown (1, 2) that a short stretch of RNA is linked 
to the nascent DNA fragments isolated from exponentially 
growing cells of Escherichia coli. The RNA seems to be re- 
moved before the fragments are joined by ligase and become 
a part of the long DNA strand. These findings suggest that 
RNA synthesis (transcription) is involved in the initiation 
of synthesis of these fragments, which would occur at specific 
sites on the template strands in the discontinuous mode of 
DNA replication. 

To obtain further information on the structure and metab- 
olism of the RNA-linked nascent DNA fragments, we have 
investigated the synthesis of these molecules in £. coli cells 
made permeable to nucleoside triphosphates by treatment 
with toluene (3). The results presented here indicate that 
toluene-treated cells synthesize RNA-linked DNA frag- 
ments—as do intact cells—and that the RNA is covalently 
linked at the 5’ end of the DNA by a phosphodiester bond. 
Furthermore, unique primary structures at the RNA-DNA 
junction are demonstrated. 


MATERIALS AND METHODS 


Unlabeled dNTPs were purchased from Schwarz BioResearch, 
dT, rATP, DPN from Sigma Chemical Co., and [8H }JdTTP 
(17.4 Ci/mmol) from the Radiochemical Centre (Amersham). 
[a-*7P]dCTP, [a-**P]dGTP, and [a-*P]JdATP (14-21 Ci 

mmol) were obtained from International Chemical and Nu- 
clear Corp. and treated with periodate (4) to degrade any 
contaminating ribonucleotides. [a-**P}dTTP (9 Ci/mmol) 
was prepared as follows: dT was first phosphorylated by £. 
coli dT kinase (5) with [y-**P]JrATP (11.5 Ci/mmol), pre- 
pared by a described method (6), and the reaction mixture 
was treated with periodate to destroy the remaining [y- 
2P)rATP. [87P]dTMP was recovered by charcoal treatment 
and converted to [a-**P]dTTP with unlabeled rATP and 


Abbreviations: SDS, sodium dodecyl sulfate: SSC, standard 
saline—citrate (0.15 M NaCl-0.015 M sodium citrate). 

* This paper is no. X in a series; ““Mechanism of DNA Chain 
Growth.” The preceding paper is ref. 1. 


dNMP kinase from bacteriophage T4-infected E. coli. The 
labeled dTTP was isolated by paper electrophoresis at pH 
3.5, followed by charcoal treatment. 

E. coli P3478 thy* (polA1’) (7) was grown in Bacto Tryp- 
tose Broth to a titer of 6 X 19* cells per ml, suspended in 50 
mM potassium phosphate buffer (pH 7.6) at a density of 3 
X 10° cells per ml, and treated with 19% toluene for 15 min 
at 37°. The standard incubation mixture for DNA synthesis 
contained 70 mM potassium phosphate buffer (pH 7.6), 13 
mM MgCh, 1.3 mM rATP, 0.3 mM DPN, 33 uM (each) 
of four dNTPs, and 1.5 X 10° toluene-treated cells per ml. 
The reaction was performed at 30° and terminated by addi- 
tion of two volumes of an ethanol—phenol mixture (18), 
and cells were collected by centrifugation. Cells were lysed 
either by incubation in 0.2 N NaOQH-20 mM EDTA-0.5% 
sodium N-lauroyl sarcosinate at 37° for 20 min (method 
A) or by heating in 0.5% sodium dodecyl] sulfate (SDS)-10 
mM NaCl-10 mM EDTA-10 mM Tris-HCl (pH 7.6) at 
100° for 5 min (method B). Cs.SO, equilibrium centrifuga- 
tion and alkaline sucrose gradient sedimentation were per- 
formed as before (1, 9). 

Paper electrophoresis was performed on Toyo no. 50 paper 
at 60 V/cm in 50 mM sodium citrate buffer at pH 5.0 or 3.5. 
Two-dimensional paper chromatography was performed on 
Toyo no. 50 paper in 95% ethanol-1 M ammonium acetate 
(pH 6.8) 75:30 and saturated (NH,)2SO,-1 M sodium acetate 
80:18. Thin-layer chromatography was done on an Avicel 
SF cellulose plate (Funakoshi Pharmaceutical Co.) in isopro- 
panol-HCl-H,0 65:17:18 or in saturated (NH,).SO,-1 M 
ammonium acetate—isopropanol 40:9:1. To fractionate oligo- 
nucleotides, the sample in 7 M urea-20 mM Tris-HCl (pH 
7.6) was applied to a DEAE-cellulose (Whatman DE52) 
column (0.2 30 cm) and eluted with a 60-ml linear gradient 
of 0-0.25 M NaCl in 7 M urea-20 mM Tris-HCl (pH 7.6). 
For Dowex-1 chromatography, the sample was applied to a 
Dawex AG1 X2 (Bio-Rad) column (0.3 X 12 cm) and eluted 
first by a linear gradient with 20 ml of 4 mM HCl in the mixing 
vessel and 20 ml of 0.15 M NaCl-10 mM HCl in the reservoir, 
then with 20 ml of 0.8 M NaCl-12 mM HCl. Gel filtration 
through Sepharose 2B (Pharmacia) was performed with up- 
ward flow of 0.05 M NaCl-10 mM EDTA-5 mM Tris: HCl 
(pH 8.0). 


RESULTS 


The patterns of alkaline sucrose gradient sedimentation of 
DNA pulse-labeled with [*H ]dTTP for various times (Fig. 1) 
show that DNA replication in this system occurs by a dis- 
continuous mechanism, as does DNA replication in intact 
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cells. Isopyenic analysis (Fig. 2) showed that very nascent 
DNA in toluene-treated cells has a higher density than does 
standard E. coli DNA, as does nascent DNA of intact cells. 
Thus RNA-linked DNA fragments seem to be formed as 
intermediates in DNA replication also in this in vitro system. 

To test if RNA is linked covalently to the 5’ end of DNA 
by a 3’:5’-phosphodiester bond, toluene-treated cells were 
incubated for 5 min in four reaction mixtures, each containing 
a different dNTP labeled with *P at the a position. The 
product of each reaction was hydrolyzed with alkali, and the 
distribution of **P in the four 2’(3’)-rNMPs was examined. 
If covalently linked RNA-DNA molecules are formed with 
incorporation of the labeled dNTP into the RNA-DNA 
linkage (the 5’ end of the DNA segment), the **P originally 
linked to the 5’ position of that deoxynucleotide should be 
transferred to the adjacent ribonucleotide (the 3’-terminal 
nucleotide of the RNA segment) upon alkaline hydrolysis. 


ABRERES 


aline hydrolysis 


As shown in Table 1, transfer of **P from the @ position 
of 5’-dNTPs to 2’(3’)-rNMPs did occur, indicating the pres- 
ence of the phosphodiester linkage between ribo- and de- 
oxyribonucleotides in the product. While a relatively large 
amount of *P was transferred from [a-**P]dCTP or [a- 
2P|]dGTP to rUMP, and some ”P transfer from dCTP to 


TABLE 1. Distribution of radioactivity in 2'(3’)-rN M Ps after 
alkaline hydrolysis of products formed with [a-**P |dNTP 





% of acid-insoluble **P transferred to: 





[a-**P] dNTP 
substrate CMP AMP GMP UMP 





dCTP 0.08 0.03 0.05 0.34 
dATP <0.01 <0.01 <0.01 0.01 
dGTP <0.01 <0.01 0.01 0.20 
dTTP <0.01 <0.01 <0.01 <0.01 





The reaction was performed in four 0.43-ml reaction mixtures 
for 5 min under the standard conditions, except that one of the 
four dNTPs was labeled with **P at the a position as indicated 
and used at a concentration of 16 wM. The specific activity of 
dCTP, dATP, dGTP, and dTTP was 9.8, 9.5, 7.0, and 8.9 Ci 
mmol, respectively. Cells were lysed by method B and the lysate 
was subjected to Cs,SO, equilibrium centrifugation. Material 
banded at densities of 1.40-1.59 g/cm* (2.1 to 2.9 x 10° cpm) 
was dialyzed against 0.1 x SSC-0.01% SDS, precipitated by 
ethanol with EZ. coli tRNA (400 yg), and dissolved in 50 ul of 
0.3 M KOH. After incubation for 16 hr at 37°, 5 wl of 1% bovine- 
serum albumin and 3 ui of 60% HClO, were added and the mix- 
ture was centrifuged. The supernatant was neutralized with KOH 
and the precipitate of KClO, was removed. The radioactivity of 
both the supernatant and pellet was measured upon aliquots. 
The supernatant was subjected to paper electrophoresis at pH 
5.0. The rNMP region was cut out, eluted with water, and sub- 
jected to a second electrophoresis at pH 3.5. After location of 
four 2’(3’)-rN MPs under a UV lamp, the paper was cut into l-cm 
strips and the radioactivity in each strip was counted. The radio- 
active nucleotides were eluted from the paper and subjected to 
thin-layer chromatography, along with authentic 2’(3’)-rNMPs 
and 5'-dN MPs to confirm identification. 
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SEDIMENTATION (S) 


Fic. 1. Alkaline sucrose gradient sedimentation of DNA from 
toluene-treated cells pulse-labeled with [*H]dTTP. Toluene- 
treated cells were incubated for 2 min at 30° in the standard 
reaction mixture (1 ml) with four unlabeled dNTPs. [*H)dTTP 
(17.4 Ci/mmol) was then added to 2.9 uM, and the reaction was 
terminated after the times indicated. Cells were lysed by method 
A and the lysate was subjected to sedimentation through a 5-20% 
alkaline sucrose gradient made on a 82% sucrose cushion, along 
with [**C]4A DNA (a 19S internal reference). 


rCMP, rAMP, and rGMP was found, little other transfer 
was detected. Thus, unique base sequences exist at the RNA 
DNA linkage: (rU)p(dC) is the most common sequence, 
which occurs at about half of the linkages, and the sequence 
(rU)p(dG) occurs at about a quarter of the linkages, whereas 
most of the rest of the RNA-DNA linkages have the struc- 
ture (rC)p(dC), (rG)p(dC), or (rA)p(dC). 

Pancreatic RNase splits the bond between the 3’-pyrimidine 
ribonucleotide and the 5’ position of the adjacent deoxy-, 
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Fig. 2. Cs,SO, equilibrium centrifugation of DNA from 
toluene-treated cells pulse-labeled with [*H)dTTP. Toluene- 
treated cells were incubated in the l-ml standard reaction mix- 
ture with ["H)dTTP (3 Ci/mmol) at 30° for the times indicated. 
Cells were lysed by method B, and the lysate was subjected to 
equilibrium density centrifugation in a Beckman SW50L rotor, 
together with denatured E. coli [*C]DNA. The vertical dotted 
lines indicate the position of the peak of RNA. 
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A. DEAE-CELLULOSE CHROMATOGRAPHY 
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Fig. 3. Identification of radioactive products formed by 
pancreatic RNase digestion of RNA-DNA molecules synthesized 
with [a-**P]dCTP. DNA synthesis with [a-**P]dCTP (9.8 
Ci/mmol) was performed as in Table 1. Cells were lysed by 
method B, and the material banding near the density of DNA 
in Cs,SO, (op = 1.40-1.47 g/cm’; total radioactivity = 3.2 x 
10° cpm) was dialyzed against 0.1 x SSC—0.01% SDS, and pre- 
cipitated by ethanol with 300 wg of tRNA as carrier. The sample 
was dissolved in 50 wl of 20 mM Tris-HCl (pH 7.5)}-20 mM 
NaCl-2 mM EDTA containing 6 ug of pancreatic RNase and 
incubated at 37° for 2 hr. The mixture was diluted with 2 ml of 
7 M urea-20 mM Tris-HCl (pH 7.6) and subjected to chroma- 
tography on a DEAE-cellulose—urea column. Bracketed fractions 
(I and II) were diluted 5-fold with water and applied to a Dowex 
AG1 column along with dCMP and dCDP (J) or with dCMP, 
dCDP, and dCTP (JI), respectively. The column was eluted 
as described in Methods, and nucleotides were identified by their 
elution positions and their absorption spectra. 








20 40 
FRACTION NUMBER 
Fig. 4. DEAE-cellulose chromatography of radioactive 
products formed by pancreatic RNase digestion of RNA-DNA 
molecules synthesized with [a-**P]dGTP. The experiment was 
performed as in Fig. 3, except that [a-**P]dGTP (5.5 Ci/mmol) 
was used as labeled substrate for DNA synthesis. 


Proc. Nat. Acad. Sct. USA 70 (1978) 


as well as ribonucleotide (10). Therefore, if the RNA-DNA 
molecules synthesized with [a-**P]dCTP or [a-**]dGTP are 
digested with pancreatic RNase, radioactive ribonucleotides 
(oligo- or mononucleotides) will be produced as the result of 
cleavage of the linkage as (rU)p(dC), (rC)p(dC), and (rU)- 
p(dG), and at the nearest pyrimidine nucleotides in the RNA. 


Py UC) CG) 
OH OH OH OH H H 
---P. P. P P. p+ P P--- 


Pancreatic RNase 


When the product synthesized in the presence of [a-*?P]- 
dCTP was hydrolyzed with pancreatic RNase and subjected 
to DEAE-cellulose chromatography, 0.7% of the radioactivity 
was eluted in the position of dinucleotide (Fig. 3A, Peak /). 
Of the radioactivity in this peak, 79% cochromatographed 
with ApUp on Dowex-l, while 15% was eluted in the region 
of ApCp; no radioactivity was found in the other possible 
dinucleotides, GpCp and GpUp (Fig. 3B J). 0.46% of the 
total radioactivity was eluted from DEAE-cellulose between 
di- and trinucleotides (Fig. 3A, Peak J/); this material was 
contaminating dCTP (Fig. 3B JJ). No radioactivity was 
found in mono-, tri-, tetra-, penta-, and hexanucleotides. 
Thus, ApUp and ApCp are the only major radioactive ribo- 
nucleotides produced by the RNase digestion of the product 
formed in the presence of [a-**P]dCTP. The yields of these 
radioactive dinucleotides are in rough agreement with the 
amounts of the (rU)p(dC) and (rC)p(dC) linkages indicated 
by the alkaline hydrolysis experiments.Thus, on the 5’ side of 
these linkages is the definite structure (rPy)p(rA)p, and the 
predominant structure at the RNA-DNA junction is: 


A U(C) 


Py C 
OH OH OH H 
---P P P. P P--- 


In contrast, the sequence on the 5’ side of the (rU)p(dG) 
linkage seems heterogeneous. After pancreatic RNase diges- 
tion of the product synthesized with [a-**P]dGTP as labeled 
substrate, various sizes of radioactive products from mono- 
to hexanucleotides were found (Fig. 4). The radioactive ma- 
terial eluted immediately before trinucleotides was contam- 
inating [a-**?P ]dGTP. 

In the *P transfer experiments described above, the re- 
action was allowed to proceed for 5 min. The essential fea- 
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Fig. 5. CsSO, equilibrium centrifugation of product syn- 
thesized in a 1-min incubation with [a-**P]}dCTP. The experi- 
ment was performed as in Table 1, except that the reaction was ' 
for 1 min with [a-**P|dCTP (14.6 Ci/mmol). Bracketed fractions 
(A and B) were used for the analysis shown in Table 2. 
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tures of the results were confirmed with the reaction for 1 
min. As shown in Fig. 5, the product of the 1l-min reaction 
with [a-**P|dCTP banded heterogeneously in the Cs,SO, 
gradient between the densities of RNA and DNA. It was 
divided into two fractions (A and B) with relatively high 
and low densities, and each was hydrolyzed with alkali. As 
seen from Table 2, 2.82 and 1.10% of the total radioactivity 
in A and B, respectively, were transferred to rNMPs. In both 
fractions, the largest portion of the transferred *P (78% 
in A and 72% in B) was in 2’(3’)-UMP. When the whole 
product of the l-min reaction with [a-**P ]dCTP was digested 
by pancreatic RNase and subjected to DEAE-cellulose chro- 
matography, 1.9% of the radioactivity was recovered in 
dinucleotide; virtually no radioactivity was found in mono-, 
tetra-, penta-, and hexanucleotides. Of the radioactive di- 
nucleotides, 22% and 77% were ApCp and ApUp, respec- 
tively. 

From the data of the **P transfer experiments, the number 
of total deoxynucleotides per RNA-DNA linkage in the 
product of the 5-min reaction is calculated to be about 500. 
If it is assumed that dCMP is contained in three quarters 
of the RNA-DNA linkages synthesized in the 1-min reaction 
(as shown for the product of the 5-min reaction), the total 
number of deoxynucleotides per RNA-DNA linkage is esti- 
mated to be about 200 for whole product formed in 1 min, 
and about 100 and 270 for the product of the 1-min reaction 
with the high and low densities (A and B in Fig. 5), respec- 
tively. These results are in line with the idea that RNA is 
linked only to very nascent short DNA, degraded by nuclease 
action as the DNA segment elongates, and removed com- 
pletely before ligation of the DNA segments. 

In further support of this idea, pancreatic RNase digestion 
of the product yielded virtually no radioactive dinucleotide 
(20 cpm in an experiment comparable to that of Fig. 3) when 
the synthesis with [a-**P|dCTP was followed by incubation 
in the presence of a 100-fold excess of unlabeled dCTP for 
20 min. 

Although the “P transfer experiments prove the RNA 
DNA linkage in the product, they do not exclude the pos- 
sibility that the RNA is located in the middle of the chain 
or that ribonucleotide sequences are scattered in the mole- 
cule. To clarify this point, the molecules of various sizes, 
synthesized by a Il-min reaction with [7H|]dTTP as labeled 


TABLE 2. Distribution of radioactivity in 2'(3')-rN MPs 
after alkaline hydrolysis of products formed in a 
1-min reaction with |a-**P |\dCTP 





% of acid- insoluble *2P transferred to: 
Fraction CMP AMP 


0.10 7 2. 
0.03 0.11 0.78 


A 0.23 
B 0.18 





Fraction A (4.2 X 10‘ epm) and Fraction B (1.1 & 105 epm) in 
Fig. 5 were dialyzed against 0.1 * SSC-—0.01% SDS and precipi- 
tated by ethanol with 600 ug of EZ. coli tRNA. After hydrolysis in 
50 wl of 0.3 M KOH at 37° for 15 hr, cold HClO,-soluble super- 
natant was neutralized, concentrated, and subjected to two- 
dimensional paper chromatography. The 2’(3’)-rNMP spots 
were cut out and their radioactivity was counted. In addition, 
all rNMP spots were eluted and subjected to thin-layer chro- 
matography to confirm their identification. 
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Fic. 6. Fractionation and analysis of RNA-DNA molecules 
of various sizes. (J) Toluene-treated cells were incubated in a 6- 
ml standard reaction mixture with [*H|}dTTP (3 Ci/mmol) for 1 
min at 30°. Cells were lysed by method B. The lysate was treated 
with Pronase E (1 mg/ml, 4 hr at 37°) and then with phenol, 
and dialyzed against 50 mM NaCl-10 mM EDTA-5 mM Tris- 
HCl (pH 8.0). After it was heated at 100° for 5 min and quickly 
chilled, the sample was subjected to gel filtration on a Sepharose 
2B column (1.6 X 95 cm). The indicated fractions (A—F) were 
precipitated by ethanol with Z. coli tRNA as carrier and dis- 
solved in a small volume of 50 mM NaCl-10 mM EDTA-5 mM 
Tris- HCl (pH 8.0). (J7) Fractions A, C, and E were divided into 
two portions: one portion was treated with 0.3 M NaOH at 37° 
for 4 hr and neutralized. After they were heated at 100° for 5 min 
and quickly chilled, the untreated (O) and alkali-treated (@) 
samples were subjected to gel filtration on a Sepharose 2B column 
(1.6 X 40 em). (JJ/) Fractions B, D, and F were heated at 100° 
for 5 min, chilled quickly, and subjected to Cs,SO, equilibrium 
centrifugation in a Beckman SW56Ti rotor with denatured EZ. 
coli DNA. The dotted lines indicate the position of RNA. The 
chain length (n) was estimated from the Kd values by use of a 
calibration curve prepared with single-stranded EZ. coli DNA of 
known chain lengths (Hirose, Okazaki, and Tamanoy, in prepara- 


tion). 


substrate, were isolated by gel filtration on Sepharose 2B, 
and the change of their size upon alkaline hydrolysis, as well 
as their density, was analyzed (Fig. 6). Only small decreases 
in molecular size were observed, excluding the above pos- 
sibilities. Thus, the RNA is attached to the 5’ end of the 
DNA. The size of the RNA segments of the molecules of 
various sizes is suggested by both size change and density 
analyses to be about 50-100 nucleotides, in agreement with 
the results obtained with the in vivo RNA-DNA molecules 
(2). 
DISCUSSION 

Based on studies with intact cells, we have postulated (1, 2) 


a replication mechanism involving: (¢) unwinding of the 
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parental strands; (ii) synthesis of short RNA chains along 
the parental strands beginning at specific initiation signals 
and stopping at termination signals; (#7) extension of the 
chains by a DNA polymerase in the 5’ — 3’ direction with 
the RNA as primer; (tv) removal of the RNA segments by 
RNase activity; (v) filling the gaps between the DNA frag- 
ments by a DNA polymerase; and (vi) joining of the DNA 
fragments by ligase. 

The present study performed with toluene-treated cells 
of a polA~ strain, an in vitro replication system that closely 
resembles viable cells, lends strong support for this hypotheti- 
cal mechanism. It demonstrates that RNA-linked DNA frag- 
ments are also synthesized in vitro (Figs. 2 and 6) and pro- 
vides definitive evidence for the covalent attachment of RNA 
to the 5’ end of the DNA (Tables 1 and 2, Fig. 3). That the 
attachment of RNA is characteristic of nascent short DNA 
chains is confirmed (Tables 1 and 2, Fig. 6, and the chase 
effect of unlabeled dCTP on the *P transfer from [a-*?P]- 
dCTP). 

Furthermore, the **P transfer experiments (Tables 1 and 
2, Fig. 3) reveal that ...p(rPy)p(rA)p(rU)p(dC)p. .., with 
occasional replacement of (rU) with (rC), is a predominant 
sequence at the RNA-DNA junction. Although the linkage 
(rU)p(dG) occurs fairly frequently, the sequence at its 5’ side is 
random. A recent study (ref. 2, Hirose, Okazaki, and Tamanoy, 
in preparation) has shown that the RNA-linked DNA frag- 
ments isolated from growing E. coli cells accept **P from 
[y-P]rATP in the polynucleotide kinase reaction after 
alkaline hydrolysis. The **P linked to the 5’ end of the DNA 
is recovered quantitatively in dCMP upon digestion with 


pancreatic DNase and venom phosphodiesterase. Moreover, 
almost the same number of 5’-OH ends ef DNA are created 
by pancreatic RNase digestion as by alkaline hydrolysis. 
Therefore, most of the in vivo RNA-DNA fragments contain 
the linkage (rPy)p(dC). This remarkable agreement of the 
in vitro and in vivo results points to the possibility that . . . p- 


(rPy)p(rA)p(rU or rC)p(dC)p... is a universal sequence 
of the RNA-DNA junction of the £. coli fragments, which 
may reflect the nucleotide sequence on the template strands 
designating the termination of synthesis of the RNA 
segment (and/or the initiation of the DNA segment). The 
(rU)p(dG) linkage might have a similar significance as the 
(rPy)p(dC) linkage. However, we think it more likely that 
this linkage is an in vitro artifact, because the sequence in 
its 5’ side is random and because no dGMP is detected at 
the RNA-DNA linkage of the in vivo fragments. 

Wickner et al. (11) and Scheckman et al. (12) have demon- 
strated the synthesis of covalently linked RNA-DNA mole- 
cules in £. coli extracts using M13 and ¢X DNA as template. 
The rNMP in the RNA-DNA linkage is largely AMP in 
the case of M13, whereas all four rNMPs are found in the 
linkage in the case of ¢X. Keller (13) has obtained similar 
results with @X using EZ. coli RNA polymerase and DNA 
polymerase II from KB cells. Covalently linked RNA-DNA 
molecules are also synthesized by RNA-dependent DNA 
polymerase. Fliigel and Wells (14) found only (rU)p(dC) 
and (rA)p(dA) linkages in such molecules formed by avian 
myelobalastosis virus DNA polymerase. The relationship 
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between these and the present findings is an interesting ques- 
tion to be clarified by future studies. 

Synthesis of the RNA-linked DNA fragments in toluene- 
treated cells occurs in the absence of rNTP other than rATP. 
While this fact suggests enough endogenous supply of 
RNA precursors, a labeled rNTP is incorporated into the 
RNA-DNA molecules when it is added to the réaction mix- 
ture. Our results, to be detailed elsewhere, show that [y-**P]- 
rGTP is incorporated into the 5’ ends of the RNA-linked 
DNA fragments and recovered as radioactive ppp(rG)p after 
alkaline hydrolysis. This finding provides further support 
for the 5’-terminal location of the RNA segment and indicates 
that the RNA is formed not by a reaction primed by a pre- 
existing chain, but by de novo synthesis. The specific labeling 
of the 5’ end of the RNA segment by [y-*?P]dGTP would 
facilitate analysis of its structure and elucidation of the mech- 
anism of its synthesis and degradation. 

Our work with £. coli, work of Kornberg and coworkers 
(11, 12, 15) with M13 and @X, and work of Helinski’s group 
with ColE, (16) provide strong evidence for primer functions 
of RNA in DNA replication. Other possible roles of RNA or 
RNA synthesis in DNA replication have been suggested 
by Lark (17) and by Dove et al. (18). 
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ABSTRACT The pattern of surface circulation has been 
mapped for more than 40 lakes, marginal seas, estuaries, 
and lagoons. All are within the northern hemisphere, 
and all except one are known to have a counterclockwise 
pattern. This consistent pattern is attributed to the drag 
of wind blowing across the bodies of water. Warmer sur- 
face water is displaced to the right-hand shore zone (fac- 
ing downwind), where it produces greater surface turbu- 
lence and, thus, greater wind drag. This effect leads to 
counterclockwise water circulation regardless of the direc- 
tion and, within limits, the duration of the wind. 





During studies of northern hemisphere lakes and water bodies 
marginal to the ocean, we have noted a consistent counter- 
clockwise circulation of surface waters. “Circulation” is here 
defined to mean a long-term pattern of motion, or residual 
motion remaining after the irregular water movements in- 
volved in wind drift, seiches, and other short-term phenomena 
are averaged. The averaging period is taken to be long com- 
pared with the typical passage time of weather cycles. Ex- 
perimentally, such long-term patterns of flow may be directly 
determined, e.g., by releasing batches of drift bottles and 
tracing their paths of long period drift. 

Charts of this circulation pattern were assembled, and the 
cause of the pattern was examined in the expectation that it 
may be useful to other workers, particularly in connection 
with predictions of pollution down-current from points of 
sewage and industrial discharge into large bodies of water. 
Information about circulation patterns of lakes is very scarce 
in limnological journals, as these mainly are limited to strictly 
biological problems. Moreover, most studies of water move- 
ments in lakes are restricted to seiches, internal waves, and 
other movements in a vertical plane. Investigations of cir- 
culation in marginal seas and estuaries are more common 
than in lakes, possibly because of the natural landward ex- 
tension of oceanographic methods. Many marginal seas are 
separated from the ocean by barriers caused by crustal de- 
formation that allow little exchange of water. These are in- 
cluded in the discussion below. Estuaries and lagoons sepa- 
rated from the ocean by barriers produced by sand deposition, 
and marginal seas widely open to the ocean (Kara Sea, Chuk- 
chi Sea, Norwegian Sea, Bering Sea, and the North Sea) often 
have circulation patterns similar to those of lakes and the 
nearly land-locked seas, but they are omitted here because of 
possible control by currents from the open ocean. 


Patterns 


The charts of horizontal circulation in lakes and nearly land- 
locked bodies of ocean water are so thinly and widely scattered 
in physical and geological literature that we probably have 
missed some of the published examples. Most of the ones we 
found are illustrated in simplified form in Figs. 1 and 2. Ex- 
amples of patterns from lakes of North America listed from 
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north to south are: Lake Superior (1), Lake Huron (1-3), 
Lake Michigan (1, 4), Lake Ontario (1, 5), Lake Erie (1, 6), 
Great Salt Lake (7), and the Salton Sea (8, 9). Patterns also 
are available for the following lakes of Eurasia: Lake Con- 
stance—Bodensee (10, 11), Lake Neuchatel (12), Lake Geneva- 
Léman (13), Aral Sea (14), Caspian Sea (A. F. Mikhalevskii 
in ref 15), Dead Sea (16); and Bitter Lake (17). 

Circulation patterns for water bodies of North America 
that are nearly separated from the ocean or from large ad- 
jacent lakes by structural barriers have been published for: 
Baffin Bay (18, 19), Hudson Bay (20, 21), Gulf of St. Law- 
rence (22, 23), Passamaquoddy Bay (24), Grand Traverse 
Bay (25), Bay of Fundy (26, 27), Gulf of Maine (22), and 
Long Island Sound (28). In South America the circulation 
in Lake Maracaibo (29) has been mapped. Similar water 
bodies of Eurasia for which surface circulation are known are: 
the White Sea (V. Timonov in ref. 30), Baltic Sea (31), Black 
Sea (32), Adriatic Sea (33, 34), Japan Sea (ref. 35, Sizova in 
refs. 30 and 36), the Mediterranean Sea (37), and the Persian 
Gulf (38, 39). 

These enclosed or nearly enclosed bodies of water span a 
range from 72° to 9° North latitude; unfortunately, no data 
of surface circulation were found for similar water bodies in 
the southern hemisphere. Where the methods by which the 
circulation was measured were reported, they consisted vari- 
ously of drift bottles or drift cards, drogues, buoyed fishing 
nets, measurements with drift lines and current meters from 
anchored ships, tracing of increased salinity caused by excess 
evaporation, and computations from dynamic topography 
above prominent thermoclines. The short-term methods are 
significant only during average conditions. Some examples 
are based upon several methods. 

The circulation patterns for all but one of the lakes and 
seas of Figs. 1 and 2 are generally counterclockwise. The 
pattern for the Aral Sea, however, is reported to have a 
clockwise circulation; whether this uniqueness is due to 
peculiarities of bottom topography or to perhaps erroneous 
interpretation of measurements is unknown, and it must re- 
main an exception for the time being. 


Cause of counterclockwise circulation: 

physical description 

The general consistency in circulation patterns demands a 
general explanation. For estuaries and some small marginal 
seas the chief mechanism may be the inflow of light fresh water 
at the landward side and the outflow of mixed water at the 
mouth, where it is largely counterbalanced by inflow of 
denser ocean water. Similarly, the flow of light fresh water 
into lakes having no outlet (Salton Sea and Dead Sea) may 
be important. Such inflows of light water would produce a 
surface slope down which movement of water would be de- 
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Fic. 1. Circulation patterns for lakes simplified from original 
illustrations cited in the text: Lake Superior, Lake Constance, 
Lake Geneva, Aral Sea, Lake Huron, Lake Michigan, Lake On- 
tario, Lake Erie, Caspian Sea, Salton Sea, Dead Sea, and Bitter 
Lake. 


flected to the right (in the northern hemisphere) by the 
Coriolis force of earth rotation. In most examples, however, 
the water bodies are too large to be much affected by the 
relatively small inflow of light water. Likewise, a decrease in 
density of water above the shoal nearshore zone through solar 
heating could produce a slope that may give rise to a counter- 
clockwise current, but this effect must be small; if it were im- 
portant, the current would be counterclockwise only during 
the spring and early summer—before the development of a 
homogeneous surface layer—a restriction that seems not to 
be present. In some specific instances one would be inclined 
to attribute the observed circulation pattern to the topog- 
raphy of the basin, but in most examples such an argument 
also is unconvincing. The generality of the counterclockwise 
circulation in the northern hemisphere suggests that the cause 
is independent of basin shape and depth distribution, and 
within limits also of size. Therefore, it will be convenient 
to examine how a counterclockwise circulation pattern may 
be set up ina circular basin of constant depth, which repre- 
sents a theoretical model sufficiently idealized to exclude 
irrelevancies. 

It is well known that water movements in lakes and shallow 
seas are produced mainly by wind, that they are strongly 
influenced by the vertical stratification of the water column, 
and that in the larger bodies of water they are also affected 
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Fig. 2. Circulation patterns for nearly land-locked bodies of 
water separated from the open sea by structural barriers. Pat- 
terns are simplified from original illustrations cited in the text: 
Baltic Sea, Hudson Bay, Gulf of St. Lawrence, Passamaquoddy 
Bay, Grand Traverse Bay, Bay of Fundy, Black Sea, Adriatic 
Sea, Japan Sea, Long Island Sound, Persian Gulf, and Lake 
Maracaibo. 


by the rotation of the earth. In a circular basin, constant- 
depth model of a stratified lake, the motions produced by the 
irregularly occurring wind impulses may be elucidated in 
considerable detail analytically (40), by use of linearized 
equations of motion. These ecuations describe large bodies 
of water quite faithfully, and the qualitative features of the 
analytical solutions are in good agreement with observation. 
With a uniform wind blowing over the basin, ‘coastal jets” 
more or less along the direction of the wind are produced at 
both right-hand and left-hand shores, with Ekman drift 
occupying the central part of the basin. 

One key property of wind-induced motions in a symmetrical 
basin is that the circulation pattern is also symmetrical, unless 
the wind stress distribution itself possesses significant asym- 
metry or ‘‘curl.” If the basin is small compared to the dimen- 
sions of weather systems (this is true even for very large 
lakes), any such asymmetry, if present, must be produced by 
the basin itself, through some interaction with the air flow 
above. To explain an anticlockwise average circulation, we 
have to show why there should be a positive (cyclonic) curl 
in the wind stress, regardless of the direction in which the 
wind blows. In simple terms, we have to show why the wind 
should drag the water along more effectively on the right- 
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hand shore than on the left-hand one (in the northern hemi- 
sphere, and “right” and “‘left’”’ if we look downwind). 

As shown by Roll (41), the stress exerted by the wind on 
a water surface depends critically on the air-water tem- 
perature difference. The stability of the air layer in contact 
with a water surface colder by several degrees than the air 
some distance above may completely suppress turbulence and 
reduce wind stress to zero. In the Great Lakes it is common to 
observe a completely smooth band of cold water, while the 
warmer water a few hundred meters away is covered by 
capillary waves, a clearly visible sign of wind stress. Even 
when the contrast is not quite so extreme, the wind stress 
magnitude is significantly affected by surface temperature 
changes of the order of 1°, or even 0.5°. This effect is further 
discussed quantitatively below. 

It is also clear that in the presence of net surface heating a 
horizontal temperature gradient tends to become established, 
positive in the direction of surface drift. In sufficiently large 
basins (in practice, larger than a few km in size) and in the 
northern hemisphere the surface drift has a large component 
to the right of the wind (“Ekman drift’’). Therefore, in the 
presence of net surface heating the water becomes warmer on 
the right-hand shore and is, in fact, dragged along more ef- 
fectively by the wind. Aerial temperature surveys of the 
Great Lakes, for example, show clear evidence of this warming 
trend across wind, the temperature contrast being of the order 
of 1-2°. Fig. 3 illustrates this point. A much more pronounced 
temperature difference occurs between left- and right-hand 
shores when the wind stress is strong enough and acts long 
enough to produce upwelling of cold water. The upwelling 
occurs on the left-hand shore in the northern hemisphere, 
and it is under such circumstances that absence of wind stress 
may be observed over the upwelled water, while the warmer 
water not too far away is clearly acted upon by the wind. 
The exact dynamical effects on a stratified lake of such an 
asymmetrical distribution of wind stress are complicated, but 
they undoubtedly include a tendency to produce counter- 
clockwise circulation of the wind-driven surface waters. 

At least in temperate latitudes the winds are variable: 
as weather systems pass over a lake or marginal sea, wind- 
stress impulses are exerted on the water surface that change 
irregularly both in magnitude and direction. As a result, cur- 
rents observable at any fixed point in such a lake or sea are 
highly variable. Near shore, for example, they alternate ir- 
regularly between the two shore-parallel directions. Ac- 
cording to the above argument, however, the currents are 
somewhat stronger when they leave the shore to the right 
than in the opposite case. When the flow is averaged over a 
longer period, most of the irregular motion is cancelled out, 
but not the portion directly due to wind-stress curl; this por- 
tion is of the same sense regardless of wind direction or veloc- 
ity and it should add up to a significant component of the 
mean flow pattern. 

In concluding this section, it may be useful to point out two 
nonexplanations of counterclockwise circulation. One is the 
well-known property of certain long waves to progress in a 
counterclockwise direction along the periphery of a suffi- 
ciently large basin. Thus, the phase of the seiches or “wind 
tides” of Lake Erie progresses counterclockwise (42), as do 
tides in the Gulf of St. Lawrence (43) or long internal Kelvin 
waves in Lake Michigan (44). However, particle orbits as- 
sociated with such wavelike :otions are closed in a first ap- 
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Fic. 3. Observed surface temperature patterns of Lake On- 
tario from aerial infrared radiation surveys. Before surveys (a) 
and (b), the winds were generally westerly; before survey 
(c), they were easterly. Larger temperature contrast in (a) is 
typical of summer conditions, while that of (b) is typical of early 
autumn. Redrawn from illustrations by Irbe (48). 


proximation, i.e., there is no net drift in the direction of phase 
propagation. A second-order drift akin to Stokes drift in 
surface waves is possible (45), but such an effect has not yet 
been shown to be quantitatively significant in the above types 


of waves. 

A second plausible explanation that does not work is that 
nonlinear momentum transport by the mean motion fortifies 
the right-hand shore “coastal jet.”” This momentum transport 
is in fact to the right on both shores, i.e., shoreward on the 
right and offshore on the left. However, its net effect is to 
displace the left-hand jet somewhat offshore and to stabilize 
the right-hand jet against the shore, without interfering very 
significantly with the overall flow pattern. 

Possibly other nonlinear or more complicated effects also 
contribute to the maintenance of anticlockwise mean circula- 
tion in enclosed bodies of water, but we have not been able 
to identify any that were quantitatively significant. By con- 
trast, the surface heating—-—Ekman drift coupling of air and 
water should be able to maintain a significant circulation 
amplitude, as shown by the calculations below. 


Quantitative considerations 


To calculate the “typical” magnitude of the cross-wind tem- 
perature gradient, we assume that the wind has blown long 
enough from a constant direction to establish equilibrium 
between surface heating and advective heat transport in the 
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water, i.e. 


_ (1) 


Oy CypV 

where 6 is temperature (°C), H is net heat absorption by the 
water in cal cm~* sec, cy and p are the specific heat and den- 
sity of water, y is the direction perpendicular to the wind, and 
V is Ekman transport to the right of the wind (cm? sec~!). A 
typical magnitude of the net heat flux is 2-10-* cal em~? 
sec! (about 180 cal em~? day~), while the Ekman drift in 
a 6 m/sec wind (“10 meter level wind’’) at mid-latitudes is 
close to 104 cm? sec~'. These data yield a temperature gradient 
00/dy of 2-10-7 °C em™', or 2° per 100 km. Actual observed 
temperature gradients in the central part of Lake Ontario, 
during the heating season for example, (see Fig. 3a), are of a 
similar magnitude to several times greater. 

In the absence of surface heating, temperature contrasts 
in a cross-wind direction are also observed, although they 
tend to be somewhat smaller; in Lake Ontario, these effects 
are of the order of 1° across the 70-km wide lake. An examina- 
tion of successive surveys suggests that these temperature 
differences are caused by intermittent upwelling of cold water 
on the left-hand shore, followed by some horizontal mixing. 

The wind-stress differences corresponding to temperature 
contrasts of the above order of magnitude may be estimated 
on a theoretical basis by the use of geostrophic drag coefficients 
presented in (46). These drag coefficients are functions of two 
nondimensional parameters, the surface Rossby number and 
the Lettau number 


U, 


~ fit 


[2] 


where U,, is geostrophic wind speed, f is the Coriolis parameter, 
zo the roughness length of the surface, AT the temperature 
difference between air at geostrophic level and surface below, 
T the absolute air temperature, and g is the acceleration of 
gravity. As a typical roughness length, we take z = 0.1 cm. 
Assuming also U, = 10 m sec~', f = 10-4 sec~', we calculate 
Ro = 108. Suppose that the air-water temperature difference 
on the right-hand shore is exactly zero, while on the left-hand 
shore the water surface is 1° cooler than the air—then Le = 0 
on the right, Le = 10° on the left. The corresponding drag 
coefficients and surfaces stresses are 


Right Ca = 0.55-10-3 
To = CapgU,? = 0.7 dyne cm~ 


Left ca = 0.15-1078 


to = 0.2 dyne em~* 


The theoretically predicted wind stress is thus 3.5 times 
greater on the right than on the left, a very significant varia- 
tion indeed, considering the smallness of the temperature 
contrast. Direct experimental evidence to support these 
rather surprising results does not seem to be available, but 
even if these figures are overestimates, they suggest that 
substantial wind-stress curl due to surface temperature con- 
trasts is, in fact, a likely possibility. 

Linear theory (47) shows that the circulation set up by a 
nonuniform wind stress is proportional to the time-integral 
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of the wind-stress cur], i.e., to 


re) 
W = — |—| dt 3 
ser (3) 


Suppose that the above wind-stress curl was acting for 
a period of t = 8 hr, over a circular basin of 50 km in diameter, 
i.e., 


) A(10/ 
2(s). Sa . 10~7em sec? 
oy \p 50 km 


W = 8-3600-10-7 = 2-88-10-* em sec 


where we have assumed a linear change in stress across the 

basin. The circulation produced by this wind stress curl is 

characterized by a tangential velocity at the shores of 
Wr 


v, = — 4 
ee [4] 
where r is the basin radius and h is the mixed-layer depth. 


Forr = 25km and taking h = 10 m, we find 
v, = 3.6 cm/sec 
= 3.1 km/day 


Note that v, is proportional to Wr, so that it does not directly 
depend on radius, given a certain temperature contrast, and 
with it A(7o/p) across the basin, W containing the gradient 
A(ro/p)/2r. Similar tangential velocities v, can, therefore, 
develop in smaller or larger basins, as long as the temperature 
contrast remains significant. 


Concluding remarks 
To sum up briefly, we have presented a possible physical 
mechanism to explain the observed universal tendency toward 
counterclockwise circulation in northern hemisphere lakes and 
marginal seas. The salient parts of our argument are: (7) there 
is usually a temperature contrast between the right- and left- 
hand shore, (looking downwind), the former being warmer; 
(ii) the observed temperature differences are sufficient to 
produce cyclonic wind-stress curl of appreciable magnitude, 
which sets up the counterclockwise circulation. Climatic 
conditions allowing these physical factors to operate prevail 
from early spring to late fall. In midwinter, the circulation 
pattern should be different. In some lakes and other water 
bodies, this appears to be true, but the evidence is scant as 
most observations of circulation are made during the warmer 
seasons. The rotation of the earth is involved in the establish- 
ment of the temperature contrast across wind, either through 
Ekman drift to the right, or the production of an upwelling 
on the left. In the southern hemisphere the opposite circula- 
tion should be observable. Unfortunately, as we remarked 
before, evidence on this point is insufficient to confirm our 
reasoning. 

We thank the Office of Naval Research, which supported this 
work under Contract N00014-66-C0241. This is Contribution 
2965 of the Woods Hole Oceanographic Institution. 
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ABSTRACT Thyroid hormone administered in vivo 
increased carrier-mediated (atractyloside-sensitive) ADP 
uptake by rat liver mitochondria. 3 Days after a single large 
dose of triiodothyronine (20 ug/100 g of body weight), mito- 
chondrial uptake of ADP measured at 6° was 2.35 + 0.17 
nmol/min per mg of protein, compared with an uptake of 
1.81 + 0.19 nmol/min per mg of protein in mitochondria 
from untreated rats (P < 0.025). Cyanide (1.33 mM) had 
no effect on ADP uptake by mitochondria from either un- 
treated or triiodothyronine-treated animals. Uptake of 
ADP by mitochondria from thyroidectomized rats treated 
with thyroxine for 7 days was 2.89 + 0.40 nmol/min per mg 
in mitochondria from thyrotoxic rats (20 ug of thyroxine 
per 100 g per day) and 1.98 + 0.22 nmol/min per mg in 
mitochondria from euthyroid rats (2 ug of thyroxine per 
100 g per day) (P < 0.025). Mitochondria from both un- 
treated and thyroid hormone-treated rats displayed a 
highly significant linear correlation between ADP uptake 
and ADP-dependent (i.e., state 3 minus state 4) oxygen 
cons’ imption. There was, however, no difference in respira- 
tory control ratios between mitochondria from euthyroid 
and thyrotoxic animals. Administration of dinitrophenol 
(2 mg/100 g) also stimulated carrier-mediated ADP uptake, 
but respiratory control of mitochondria from dinitro- 
phenol-treated animals was virtually abolished. Triiodo- 
thyronine in vitro, at concentrations of 100 and 0.1 nM, 
appeared to inhibit rather than stimulate the uptake of 
mitochondrial ADP. The relationship between these 
observations and the clinical manifestations of thyro- 
toxicosis is discussed from the point of view of the possible 
effects of increased mitochondrial ADP transport on 
oxidative phosphorylation and adenosyl nucleotide me- 
tabolism. 





It has long been known that an increase in metabolic rate 
follows administration of a sufficient dose of thyroid hormone. 
Animals treated with large doses of thyroxine manifest an 
increased rate of oxygen consumption, a rise in body tempera- 
ture, and a loss in weight, all consequent to an increase in the 
rate of oxidation of substrate (1, 2). Since most substrate oxi- 
dation takes place in mitochondria, many studies on the 
mechanism of action of thyroid hormone have involved these 
organelles. These studies have shown, for example, that 
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thyroid hormone increases the rate of mitochondrial oxida- 
tion of succinate, glutamate, 6-hydroxybutyrate, and iso- 
citrate (3); the activity of the electron transport chain is in- 
creased without an increase in the concentrations of the chain 
components (4); and there is an increase in the activity of 
membrane-bound a-glycerophosphate dehydrogenase (5). 
In addition, thyroid hormone affects mitochondrial swelling 
(6, 7) and respiratory control (8), but these effects are only 
observed with rather large doses of hormone. 

The mitochondrion is composed of an outer membrane, an 
inner membrane, and two spaces: the intermembrane space, 
which lies between the membranes, and the matrix, which is 
enclosed within the inner membrane. The matrix contains 
the substrates necessary for oxidative phosphorylation, a 
process that takes place on the inner surface of the inner mem- 
brane (9). It has recently been shown that the transport of 
ADP, one of the substrates of oxidative phosphorylation into 
the matrix, is a carrier-mediated process in which an ADP 
molecule is conveyed into the matrix in exchange for an ATP 
molecule, which is then transported out of the mitochondrion 
(10, 11). Since there is evidence that under physiological 
conditions, the rates of both substrate oxidation and oxidative 
phosphorylation are limited by the availability of ADP (12- 
14), we thought it of interest to investigate whether thyroid 
hormone might increase the availability of ADP through an 
effect on the carrier-mediated transport. 


MATERIALS AND METHODS 


Male and female CD rats weighing 250-400 g were obtained 
from the Charles River Breeding Laboratories. In some cases 
rats underwent surgical thyroidectomy before delivery. Where 
normal rats were used, the control and treated groups each 
contained about the same proportion of animals of a given 
sex. Thyroidectomized rats were all males. 

Thyroxine and triiodothyronine were obtained from Sigma 
Chemical Co. Each was dissolved in a minimum volume of 
0.1 M NaOH and added through a Millipore Sterilizing Appa- 
ratus® to sterile 0.9% saline (triiodothyronine) or to a sterile 
solution of 1 part 10% bovine-serum albumin to 4 parts 0.9% 
saline (thyroxine). For the experiments with triiodothyronine, 
a comparable volume of 0.1 M NaOH was added to saline for 
injection into control animals. Potassium atractyloside, suc- 
cinic acid, ethylene glycol-bis (8-aminoethyl ether) N,N’- 
tetraacetic acid (EGTA), and ADP were also obtained from 
Sigma. ['*C]ADP was purchased from New England Nuclear 
Corp. Other reagents were the best quality available com- 
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mercially, and were used without further purification. Water 
was distilled, deionized, redistilled from glass, and stored 
in polyethylene containers. 


Mitochondria. Rats were killed by a single blow on the head. 
The livers were quickly removed and washed in 0.25 M su- 
crose containing 1.0 mM Tris-HCl (pH 7.9 at 23°) and 0.25 
mM EGTA. The livers were squeezed through an aluminum- 
plated garlic press, and the resulting pulp was homogenized 
together with 5 volumes of sucrose-Tris-EGTA solution, at 
slow speed in a Potter-Elvehjem glass homogenizer with a 
loose-fitting Teflon pestle. The homogenate was centrifuged 
twice for 10 min at 1000 X g to remove the debris. The super- 
natant was then centrifuged at 6000 x g for 10 min. The 
resulting pellet was washed once in the sucrose—Tris-EGTA 
solution and then once in sucrose-Tris without EGTA. 
The pellet was centrifuged at 6000 < g for 10 min after each 
wash. The final pellet was suspended in about 2 ml of sucrose- 
Tris. Care was taken to keep the mitochondria, solutions, 
and instruments ice-cold at all times. 


Mitochondrial Oxygen Uptake and Respiratory Control 
were determined by the method of Estabrook (15), with 
succinate as substrate. Measurements of oxygen uptake were 
made with either a model 53 oxygen electrode or a model 
55 oxygen electrode (both manufactured by Yellow Spring 
Instruments). Except in experiments with dinitrophenol, 
mitochondria with respiratory control ratios of < 2 were dis- 
carded. 


Mitochondrial ADP Uptake. Carrier-mediated mitochon- 
drial ADP uptake was determined by a modification of the 
filtration method described by Winkler et al. (16). Mito- 
chondria were diluted to a concentration of 30 mg of protein 
per ml of sucrose—Tris (assayed by the biuret method, with 
bovine-serum albumin as standard). The assay was begun by 
addition of 20 ul of mitochondria to 180 ul of a solution con- 
taining 0.2 uwmol (0.1 wCi) of [*CJADP, 13 wmol of KzHPO,, 3 
umol of KH2PQ,, 58 wmol of KCl, and 30 umol of NaCl per ml. 
After 10 sec, ADP uptake was arrested by the rapid addition 
of 100 ul of 0.2 mM potassium atractyloside, a powerful specific 
competitive inhibitor of mitochondrial ADP-ATP exchange 
[K, = 20 +"* (11)]. Immediately, 100 ul of the reaction mix- 
ture was drawn into a microliter syringe and injected into 
the center of a Millipore paper filter (0.65-um pore size, 2.5- 
cm diameter), which was held in a filtration apparatus under 
reduced pressure. The mitochondria were quickly washed 
with 10 ml of 0.15 M NaCl solution. The entire operation was 
conducted in a cold room at 6°. From beginning to end, the 
procedure took less than 25 sec. 

The filter was removed from the apparatus, placed in a 
liquid scintillation vial containing 15 ml of Bray’s solution, 
and allowed to stand overnight to permit the filter to dissolve. 
After vigorous shaking to disrupt the mitochondrial precipi- 
tate, the sample was counted in a Mark I liquid scintillation 
counter (Nuclear Chicago). Counting efficiency was deter- 
mined by internal standardization with ['*C]toluene of known 
specific activity. 

Nonspecific ADP uptake was determined similarly, except 
that mitochondria were added after the addition of atractylo- 
side. For a given set of mitochondria, total ADP uptake was 
determined in duplicate, and nonspecific uptake was deter- 
mined once. Carrier-mediated ADP transport was calculated 
by subtraction of the value of nonspecific ADP uptake from 
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TABLE 1. Uptake of ADP by mitochondria from 
tritodothyronine-treated animals 





Interval 

between ADP uptake (nmol/min per Se 

injection : Significance 
mg of protein) : 

and of difference 


death Thyrotoxic Control (P value) 


55 + 0.19 (15) <0.1 


<0.025 


20 hr 1.942+0.23(13) 1.5 
3days 2.352+0.17(12) 1.81+0.19 (11) 





Experiments were performed as described in the text. Numbers 
in parentheses represents the number of animals used in each 
experiment. 


the average of the values for total ADP uptake. Nonspecific 
uptake generally represented less than 20% of the total up- 
take. 


Statistical Analyses. Statistical significances were deter- 
mined by Student’s ¢-test. Regression lines were calculated 
by the method of least squares. Data are expressed as means 
+ 1 standard error. 

RESULTS 
Initial experiments were performed with two groups of normal 
rats. Animals from each group were treated either with a large 
dose of triiodothyronine (20 wg/100 g) or with an equivalent 
volume of NaOH-saline, administered as a single intraperi- 
toneal injection. Animals from one group were killed 20 hr 
after injection, while animals from the other group were 
killed 3 days after treatment with triiodothyronine. Liver 
mitochondria were prepared as previously described and 
tested for oxygen consumption with succinate as the oxi- 
dizable substrate, as well as for carrier-mediated ADP uptake. 

Results of the determinations of mitochondrial ADP uptake 
are shown in Table 1. Significant differences in ADP uptake 
between the two groups of animals were observed. In mito- 
chondria from rats killed 20 hr after injection, atractyloside- 
sensitive ADP uptake was 25% greater in mitochondria from 
triiodothyronine-treated animals than in those from control 
animals (P < 0.1). At 3 days, the time at which effects on 
basal metabolic rate are greatest (17), the difference between 
the two groups was 30% and was now statistically significant 
(P < 0.025). It thus appears that treatment with triiodo- 
thyronine increased carrier-mediated ADP uptake by rat- 
liver mitochondria. 

Oxygen uptake by mitochondria from triiodothyronine- 
treated animals was also increased when compared with values 
in controls. Moreover, there was a close correlation between 
ADP-dependent (state 3 minus state 4) oxygen uptake and 
carrier-mediated ADP transport into the mitochondrial 
matrix (Fig. 1), a finding consistent with the previously re- 
ported dependence of mitochondrial substrate oxidation on 
availability of ADP (12-14). Nevertheless, the respiratory 
control ratios of the two groups were the same (2.95 + 0.17 
and 2.83 + 0.14). Thus, at the dose given, triiodothyronine 
increased both carrier-mediated ADP uptake and ADP- 
dependent respiration in rat-liver mitochondria, but did not 
appear to affect respiratory control. 

Similar results were obtained with rats treated with thyrox- 
ine. For these experiments, thyroidectomized rats were used. 
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Fig. 1. Correlation between ADP-dependent oxygen con- 
sumption and ADP uptake by mitochondria from normal and 
triiodothyronine-treated animals. The values shown represent 
those of the thyrotoxic and control rats that were killed 3 
days after injection (see Table 1). Oxygen consumption was 
measured at 34°. ADP-dependent oxygen consumption was 
calculated by subtraction of the state 4 from the state 3 respira- 
tory rate. The line was fitted by least-squares regression analysis. 
The parameters for the regression line are: slope, 8.6 + 1.8; 
intercept, 5.2 + 3.8. 


2 Weeks after thyroidectomy, the animals were divided into 
two groups. One group received seven daily intraperitoneal 
injections of 2 ug of thyroxine/100 g of body weight (10 ug/ml 
in 2% bovine-serum albumin), a quantity sufficient to restore 


the animals to euthyroid status; the other group received a 
similar number of injections of thyroxine (100 ug/ml in 2% 
bovine-serum albumin), but at the 10-fold greater dose of 
20 wg/100 g. 24 hr after the final injection, the animals were 
killed, liver mitochondria were prepared, and determinations 
of oxygen consumption and ADP uptake were performed as 
described abové. Uptake of ADP in mitochondria from rats 
made thyrotoxic with thyroxine was 34% greater (P < 0.025) 
than in mitochondria of euthyroid animals (Table 2). A sig- 
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Fie. 2. Correlation between ADP-dependent oxygen con- 
sumption and ADP uptake by mitochondria from euthyroid and 
thyrotoxic thyroxine-treated animals. Oxygen consumption was 
measured at 30°. ADP-dependent oxygen consumption was 
calculated by subtraction of the state 4 from the state 3 respira- 
tory rate. The line was fitted by least-squares regression analysis. 
The parameters for the regression line are: slope, 6.2 + 1.7; 
intercept, 7.5 + 4.1. 
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TABLE 2. Uptake of ADP by mitochondria from 
thyroidectomized, thyroxine-treated animals 





ADP uptake 
(nmol/min per mg of protein) 


Dose of thyroxine 
(ug/100 g) 


2 1.98 + 0.22 (11) 
20 2.89+0.40 (7) 








Numbers in parentheses represent the number of animals used 
in each experiment. The difference between the two groups is 
significant at the level of P < 0.025. 


nificant correlation between ADP-dependent oxygen uptake 
and carrier-mediated ADP transport was also observed (Fig. 
2). Finally, despite the differences between the two groups of 
thyroxine-treated animals with respect to mitochondrial ADP 
uptake and oxygen consumption, respiratory control of eu- 
thyroid mitochondria (2.84 + 0.23) was almost identical with 
that of thyrotoxic mitochondria (2.79 + 0.20). Thus, the find- 
ings obtained with the thyroxine-treated animals accord in 
all respects with those obtained with the triiodothyronine- 
treated animals. Moreover, regression equations for the 
relation between ADP uptake and ADP-dependent oxygen 
uptake in the two groups of experiments were very similar 
(Figs. 1 and 2). The slightly greater slope seen in experi- 
ments with triiodothyronine may reflect the slightly higher 
temperature (34°) at which oxygen uptake was measured with 
triiodothyronine, compared to thyroxine (30°). 

Although uptake experiments were performed in the ab- 
sence of oxidizable substrate, it could be argued that the 
differences in the rates of uptake of ADP by mitochondria 
from euthyroid and hyperthyroid animals were a consequence 
of differences in the rates of oxidation of endogenous sub- 
strates by the two groups of mitochondria. Evidence against 
this possibility was provided by the observation that cyanide 
had no effect on ADP uptake by mitochondria from either 
untreated or triiodothyronine-treated animals. The ratios of 
mitochondrial ADP uptake rates in the absence and presence 
of cyanide (1.33 mM KCN) were 1.00 + 0.08 and 0.99 + 0.06 
for mitochondria from untreated rats (5 animals) and tri- 
iodothyronine-treated rats (4 animals), respectively. 

Experiments were also performed to determine whether 
triiodothyronine in vitro has a direct effect on mitochondrial 
ADP uptake. ADP uptake was determined in mitochondria 
from the livers of normal rats in the absence and presence of 
triiodothyronine. ADP uptake was measured both before 
and after incubation of the mitochondria with triiodothyro- 
nine. For these experiments a total of five animals was used. 
Mitochondria prepared by the usual technique were diluted 
to a concentration of 30 mg of protein per ml of sucrose—Tris 
to which sufficient triiodothyronine had been added to bring 
the final concentration to that indicated in Table 3. A portion 
of these mitochondria was assayed immediately, while another 
portion was assayed after incubation for 60 min at 23°. In all 
instances, triiodothyronine was present in the ADP-uptake 
assay mixture at the concentration shown in Table 3. To 
avoid adsorption of triiodothyronine to the walls of the vessel, 
all operations subsequent to the preparation of the mito- 
chondria were performed in polyethylene tubes. No increase 
in mitochondrial ADP uptake was produced by exposure of 
mitochondria to triiodothyronine either before or during the 
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period of ADP accumulation (Table 3). Rather, mitochondrial 
uptake of ADP was decreased significantly in the presence of 
triiodothyronine. 

The increase in basal metabolic rate and body temperature 
seen in animals with thyrotoxicosis can also be produced by 
the administration of 2,4-dinitrophenol, an agent that un- 
couples oxidative phosphorylation (18). These similarities 
between the effect of dinitrophenol and thyrotoxicosis led us 
to study the effect of exposure to dinitrophenol in vivo on 
mitochondrial ADP transport. For these experiments, four 
pairs of normal rats were used. One animal from each pair 
was injected intraperitoneally with sterile sodium dinitro- 
phenolate (pH 7.4) in 0.9% NaCl (2 mg/kg of the freshly 
prepared solution), while the other was given 0.9% NaCl 
alone. After 90 min (18), the animals were killed, liver mito- 
chondria were prepared, and ADP uptake and oxygen con- 
sumption were assayed. With dinitrophenol, as with both 
thyroxine and triiodothyronine, there was an increase in 
mitochondrial uptake of ADP (3.77 + 0.22 against 2.36 + 
0.22 nmol/min per mg of protein; P < 0.05). However, the 
changes induced by dinitrophenol were substantially larger 
than those produced by either of the thyroid hormones. In 
further contrast to the effects seen with thyroid hormone, and 
in confirmation of earlier reports, respiratory control of mito- 
chondria obtained from dinitrophenol-treated animals was 
virtually abolished (1.26 + 0.15 against a normal value of 
2.72 + 0.23; P < 0.05). 


DISCUSSION 


These experiments have shown that the in vivo administration 
of triiodothyronine or thyroxine in doses sufficient to produce 
thyrotoxicosis in rats led to an increase in the rate of uptake 
of ADP by liver mitochondria. Presumably, this uptake was 
accompanied by the discharge of an equivalent amount of 
ATP from the mitochondrial matrix. An increase in mito- 
chondrial oxygen consumption proportional to the increase in 
ADP uptake was also observed. There was, however, no evi- 
dence that either hormone caused an uncoupling of oxidative 
phosphorylation, since respiratory control ratios in the thyro- 
toxic and euthyroid groups were the same. The last result is 
in accord with previous observations in tissues from both 
animals made thyrotoxic (1) and thyrotoxic patients (19). 
Even though the ADP-ATP exchange rate correlated well 
with the rate of ADP-dependent oxygen uptake, the differ- 
ence in the temperatures at which the two reactions were mea- 
sured precluded a direct comparison of their absolute veloci- 
ties. From the measurements made at 6°, however, an esti- 
mate can be made of the ADP-ATP exchange rate at the 
temperature at which oxygen uptake was measured. This 
estimate is based on the observation that the Arrhenius plot 
for the ADP-ATP exchange reaction is linear between 1° and 
25° (14). If we assume that the plot is also linear at tempera- 
tures slightly greater than 25°, the activation energy of 28 
kcal obtained from this plot can be used to calculate that an 
increase in the ADP-ATP exchange rate of 1 nmol/min per 
mg at 6°, the temperature at which the exchange reaction was 
measured, corresponds to an increase of 37 nmol/min per mg 
at 30°, the temperature at which ADP-dependent oxygen 
uptake was measured. Application of this factor to the data 
of Fig. 2 shows that at 30°, an increase in ADP transport of 
3.0 nmol/min per mg of protein is accompanied by an in- 
crease in oxygen uptake of 1 nanoatom/min per mg of protein. 
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TABLE 3. Effect of in vitro exposure to thyroid hormone on 
mitochondrial ADP uptake 





Duration of 
incubation ADP uptake (nmol/min per mg of protein) 


with voiieaid 
triiodo- [Triiodo- [Triiodo- 
thyronine thyronine] = thyronine] = 
100 nM 


(min) 0 


0 2.52 + 6.50 
60 0.70+ 0.15 


[Triiodo- 
thyronine] = 
0.1 nM 


1.64 + 0.31 
0.53 + 0.16 





1.73 + 0.37 
0.63 + 0.15 





The difference in uptake of ADP between mitochondria incu- 
bated in the presence or absence of triiodothyronine is significant 
at the level of P < 0.05 for all cases. 


The ratio of these two values agrees surprisingly well with 
the figure of 2.0 expected on the basis of the P:O ratio of 
mitochondria performing oxidative phosphorylation with 
succinate. 

An increase in ADP uptake also followed administration 
of dinitrophenol. This result is in agreement with the observa- 
tions of previous workers (10), who found that dinitrophenol 
stimulated mitochondrial uptake of both ADP and ATP. 
This effect was accompanied by a loss of specificity of nucleo- 
tide uptake that normally favors ADP. In the presence of 
dinitrophenol, ADP and ATP were transported indiscrim- 
inately into the mitochondrial matrix. 

In contrast to the effect observed when triiodothyronine 
was administered in vivo, the addition of this hormone in 
vitro was found to inhibit ADP uptake. Additional investiga- 
tion will be necessary before the significance of the difference 
between the in vivo and in vitro actions of thyroid hormone 
becomes clear. 

The fact that there was no oxidizable substrate present in 
the reaction mixture in which ADP uptake was measured and 
the observation that cyanide was without effect on ADP up- 
take indicate that the increase in nucleotide transport cannot 
be ascribed to an increase in the rate of oxidation of sub- 
strate. Conversely, however, it is possible that the increase in 
oxygen consumption observed in thyrotoxic mitochondria 
may reflect increased availability of ADP as a substrate for 
oxidative phosphorylation. An additional observation support- 
ing this conclusion is the similarity of the correlation between 
ADP uptake and ADP-dependent oxygen consumption for 
triiodothyronine- and thyroxine-treated animals. Such a 
finding would be expected if the thyroid hormone-induced 
increase in mitochondrial oxygen consumption was a conse- 
quence of an increase in ADP uptake. Many of the changes in 
mitochondrial function reported to be induced by thyroid 
hormone may be due to an increase in the rate of oxidative 
phosphorylation that would accompany an increased rate 
of transport of ADP into the mitochondrion, if in fact ADP 
availability is the limiting parameter in mitochondrial func- 
tion. 

If thyroid hormone affects mitochondrial ADP-ATP ex- 
change in vivo as it does in vitro, then thyrotoxicosis might be 
associated with an increase in the energy chargeT of the cell 


+t Energy charge, defined as ({ATP] + 0.5[ADP])/({ATP] + 
[ADP] + [AMP]), is proportional to the number of moles of 
high energy phosphate per mole of adenosy! nucleotide. 
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resulting from an increased output of ATP by the mito- 
chondrion. Such an increase in energy charge would be ex- 
pected to be accompanied by an increase in the activity of 
ATP-consuming enzymes due to a direct effect of energy 
charge on existing enzymes (20, 21) and perhaps also due to 
a stimulation of synthesis of new enzymes. Ismail—Beigi and 
Edelman recently reported a rise in membrane-bound Na,K- 
dependent ATPase induced by high doses of thyroid hormone 
(22, 23). This increase might be the result of an alteration in 
the energy charge of the cell, although alternatively it might 
represent an independent action of the hormone. In any case, 
the additional ADP produced as a consequence of the increase 
in activity of Na,K-dependent ATPase and other ATP- 
consuming reactions, added to mitochondria whose capacity 
to take up the nucleotide is already augmented, would lead 
to still further increases in the rate of oxidative phosphoryla- 
tion. The end result would be an increase in the rate of turn- 
over of both ADP and oxidizable substrate. These considera- 
tions suggest the possibility that certain of the clinical and 
biochemical manifestations of thyrotoxicosis can be attributed 
at least in part to an effect of thyroid hormone on mito- 
chondrial nucleotide transport. 
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ABSTRACT The antimicrobial agent, 6-(p-hydroxy- 
phenylazo)-uracil, specifically inhibits DNA polymerase III 
of Bacillus subtilis with a K; of less than 1 uM. The inhibi- 
tion requires prior reduction of the drug, is reversible, and 
is competitive with dGTP. High amounts of dATP prevent 
inhibition by the closely related drug, 6-(p-hydroxyphenyl- 
azo)-isocytosine. A model is presented in which the in- 
hibitors base-pair with the template while part of a 
ternary complex with the enzyme. These results imply that 
DNA polymerase III of B. subtilis is necessary for chro- 
mosomal replication. 





The antimicrobial agent, 6-(p-hydroxyphenylazo)-uracil 
(HPUra), specifically inhibits DNA synthesis in several 
Gram-positive bacteria (1). In Bacillus subtilis, the inhibition 
is limited to replicative synthesis, while repair synthesis and 
DNA synthesis directed by several bacteriophages is unim- 
paired (2, 3). Semiconservative DNA synthesis in toluene- 
treated B. subtilis cells is inhibited by HPUra in the presence 
of reducing agents (4). 

Recently, we described a mutant of B. subtilis lacking the 
DNA polymerase isolated by Okazaki and Kornberg (poly- 
merase I) (5, 6). In these polA ~ cells, the residual DN A-poly- 
merizing activity has markedly different properties from 
polymerase I (5). During the analysis of this residual activity 
we have isolated two additional DNA polymerases that we 
call polymerases II and III, in order of discovery. The three 
B. subtilis polymerases are similar to the correspondingly 
numbered Escherichia coli enzymes (7-10), but there are clear 
differences (11). In this report, we show that HPUra specifi- 
cally inhibits DNA polymerase III of B. subtilis by an un- 
expected mechanism. 


MATERIALS AND METHODS 


Bacteria. Strain BC26 (phe-, argA~) was obtained from 
Dr. J. Copeland. The polA59 locus in HA101(59)F (5) was 
introduced into BC26 by transduction with bacteriophage 
PBSI to form BC26(F). Among the phe*, argA* transduc- 
tants, the frequency of polA — bacteria is 95%. 


Nucleotides and Nucleic Acids. Unlabeled nucleotides, 
poly(dA), poly(dT), and (dT) were purchased from P. L. 
Biochemicals, poly[d(A-T)] from Miles Laboratories, and 
salmon-testes DNA from Worthington Biochemical Corp. 
The deoxynucleotides were purified before use (5). Labeled 


Abbreviations: HPUra, 6-(p-hydroxyphenylazo)-uracil; HPIso, 
6-(p-hydroxyphenylazo) - 2- amino - 4-hydroxypyrimidine; ara- 
CTP, 1-8-p-arabinofuranosylcytosine triphosphate. 
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nucleotides were purchased from Schwarz BioResearch. 
Activation of salmon-testes DNA for use as a template- 
primer for DNA polymerase used limited digestion by pan- 
creatic DNase (4% acid-soluble Ag) (11). The concentration 
of nucleic acids is expressed as nucleotide equivalents. 


Drugs. HPUra and 6-(p-hydroxyphenylazo)-2-amino-4- 
hydroxypyrimidine (HPIso) were generously provided by 
Dr. Bernard Langley of Imperial Chemical Industries, Ltd., 
Macclesfield, England. The removal of minor contaminants 
from HPUra by paper or column chromatography (1) did not 
alter the inhibitory activity of the drug. To convert the drug 
to an active inhibitor, 2.0 mM HPUra was treated with 25 
mM dithiothreitol in 50 mM Tris-HCl (pH 7.5) at 37° for 
21 min; longer incubation times result in a gradual loss of 
inhibitory activity. During the activation reaction the red 
color of the drug is lost at a rate that is directly proportional 
to the concentration of both HPUra and dithiothreitol; the 
second-order rate constants are 4.4 and 6.5 M~! min~! at 30° 
and 37°, respectively. Although the activated form (absorp- 
tion maximum at 260-265 nm) can be readily purified from 
dithiothreitol and inactive drug by DEAE-cellulose chro- 
matography, it rapidly reoxidizes in air to the colored form. 
Thus, for the experiments in this report, the activated drug 
was used without purification, and its concentration was 
assumed to be equal to the input inactive form. 


Enzymes. Deoxyribonuclease I was purchased from Worth- 
ington Biochemical Corp. E£. coli DNA polymerase I, Frac- 
tion 7 (12), and T4 DNA polymerase, Fraction VII (13), 
were gifts of Dr. P. T. Englund. B. subtilis polymerase I was 
purified through the phosphocellulose chromatography step 
by the published method (6). Purification and properties of 
polymerases II and III of B. subtilis are detailed elsewhere 
(11). The specific activity of the polymerases II and III prep- 
arations used here were increased 2700-fold and 210-fold, 
respectively, over that of the crude extract of BC26(F) used 
in the purification. The preparations of each of three B. subtilis 
DNA polymerases are free of cross contamination by the 
other two, and polymerases I and II contain negligible nu- 
clease activity. Polymerase III, unlike the other two B. subtilis 
enzymes, is inhibited (>90%) by 2.0 mM N-ethyl maleimide 
and 100 «.M HPUra, and by raising the assay temperature 
to 56°. It is also the most salt-sensitive (95% inhibition at 
0.20 M KCl). Both polymerases II and III, unlike polymerase 
I, are inhibited by p-chloromercuripheny] sulfonic acid, single- 
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Fig. 1. Time-course of HPUra inhibition of polymerase ITI. 
The standard assay with 6 mM dithiothreitol in place of 2- 
mercaptoethanol was done at 37°, with 0.075 unit of enzyme in a 
total volume of 0.5 ml. At the times indicated, 60 ul was removed 
for determination of acid-precipitable material. O——O, no 
HPUra; e——e, 0.32 mM HPUra; #——s, 2.0mM HPwra. 


stranded DNA, and 
phosphate (ara-CTP). 


1-8-p-arabinofuranosylcytosine _ tri- 


Enzyme Assay. In the assay for B. subtilis DNA polymerase 
III, the reaction mixture contained in a total volume of 0.1 
ml, 65 mM Tris-HCl (pH 7.5), 6.5 mM MgCh, 3 mM 2- 
mercaptoethanol, 40 uM each of dATP, dCTP, and dGTP, 
10 uM [PHIdTTP, 300 uM activated DNA, 10% glycerol, 
and 0.003-0.02 units of enzyme in 10 ul of diluent. A unit of 
enzyme activity catalyzes the incorporation of 10 nmol of 
total nucleotide into an acid-precipitable product in 30 min 
at 37°; the enzyme diluent contains 50 mM Tris-HCl (pH 
7.5), 10 mM 2-mercaptoethanol, 0.15 M KCl, 1.0 mg/ml of 
bovine-serum albumin, and 20% glycerol. The assay proce- 
dure is the same as described previously (5). 


RESULTS 


Activation of HPUra. The effect of HPUra on the time- 
course of a reaction of B. subtilis DNA polymerase III is 
shown in Fig. 1. The degree of inhibition by the drug increases 
with time. Preincubation experiments with various com- 
ponents of the reaction mixture showed that the lag in inhibi- 
tion is eliminated only when the preincubation mix contained 
HPUra and dithiothreitol. With preincubated drug, the onset 
of inhibition is immediate and the incorporation rate is linear 
with time (see Fig. 5), even when the drug is added after the 
polymerization reaction has begun. Therefore, dithiothreitol 
chemically converts the drug to an active form. The activa- 
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Fic. 2. Activation of HPUra at 30°. The preincubation 
mixture contained 25 mM potassium phosphate (pH 7.4), 5 mM 
dithiothreitol, and 0.8 mM HPUra. At the times indicated ali- 
quots were diluted 5-fold into an assay mixture with 0.025 unit 
of polymerase III and 40 uM triphosphates; the incorporation 
in a 5-min assay was monitored. The units of v are nucleotides 
incorporated, and v; is the velocity at maximal (83%) inhibition. 
The form of the plot is derived from the basic kinetic equations 
for inhibition and the definition of a first-order reaction (14). 
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Fic. 3. Dose-response curve for activated HPUra. The reac- 
tion mix contained 10 uM triphosphates, 0.025 unit of polymerase 
III, and the indicated activated HPUra concentrations. The 
assay was done at 30° for 20 min. 


tion is essential; no inhibition is obtained with unactivated 
drug even at 500-times the concentration, that gives 50% 
inhibition with the activated form. During activation the 
drug becomes colorless and a new absorption peak in the UV 
appears. The decoloration is a second-order reaction, but at 
the high dithiothreitol to HPUra ratios used in the activation 
reactions, pseudo first-order kinetics are observed. As shown 
in Fig. 2, the conversion of HPUra to an active inhibitor is 
also a first-order reaction. Like the rate of color loss, the rate 
of formation of active inhibitor is augmented by an increase 
in the dithiothreitol concentration. For unknown reasons, the 
the calculated rate of activation is about twice that of color 
loss. Several other reducing agents such as reduced gluta- 
thione, cysteine, TPNH, and ascorbic acid both activate and 
reduce the drug, although all do so more slowly than dithio- 
threitol. Oxidized glutathione neither activates nor decolor- 
izes HPUra. Fig. 3 shows a dose-response curve for inhibition 
by activated HPUra; the linear relationship between recipro- 
cal velocity and HPUra concentration implies that the re- 
action of drug with the enzyme is uncomplicated (14). 


Enzyme Specificity of HPUra. With the activated drug in 
hand, we tested the effect of HPUra on four other DNA poly- 
merases. An activated DNA template was used in all cases. 
Even at 100- to 1000-times the HPUra concentration that 
gives 50% inhibition of B. subtilis polymerase III, there was 
no inhibition of B. subtilis polymerase I, FE. colt polymerase I, 
and T4 polymerase (the unactivated drug was also impotent). 
B. subtilis polymerase II was slightly inhibited; however, it 
was at least 500-fold less sensitive than B. subtilis polymerase 
III. Therefore, HPUra is a highly specific inhibitor of B. 
subtilis polymerase III. 


Site of Action of HPUra. Since HPUra does not inhibit 
several DNA polymerases, it is unlikely that it affects the 
template and not the enzyme, as some other DNA poly- 
merase inhibitors (15). Indeed, preincubation of the drug and 
template did not alter the degree of inhibition, nor did the 
addition of more template to an inhibited reaction. Increasing 
the template concentration from 0.3 mM, already a saturating 
level, to 1.0 mM also did not diminish inhibition. Therefore, 
it seems likely that HPUra interacts directly with DNA poly- 
merase III. 
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Fic. 4. Lineweaver-Burk plots of the relationship between 
dGTP, HPUra, and polymerase III. (A) Reaction mixtures 
contained 40 uM each of dATP, dCTP, and dTTP, the indicated 
amounts of dGTP, and 0.025 unit of enzyme. The assay was at 
30° for 20 min. O——o, no HPUra; @ @, 25 uM HPUra; 
a—s, 1004M HPwra. (B) To minimize dGTP depletion during 
the assay in the absence of HPUra, the reaction mixture was 
altered by increasing the total volume to 0.3 ml and decreasing 
the enzyme to 0.004 unit and the reaction time to 7 min. 


Competitive Attenuation of Inhibition by dGTP. An un- 
expected finding of the study of toluene-treated cells was that 
HPUra inhibition is abolished by high amounts of dGTP 
(16). The effect is the same on polymerase III. In Fig. 4, 
double-reciprocal plots of reaction velocity as a function of 
dGTP concentration at two concentrations of activated 
HPUra are shown. HFUra inhibition is competitive with 
dGTP concentration since the maximum velocity is not al- 
tered by the presence of inhibitor. From these and other data 
the K,, fer dGTP is calculated to be 6 X 10-7 M and the K, 
for HPUra to be 3 to6 X 1077 M. The following nucleotides at 
0.2 mM did not alter the degree of inhibition by 204M HPUra: 
rGTP, dGDP, dGMP, dATP, dTTP, and dCTP; in the 
same experiment 0.2 mM dGTP abolished inhibition. The 
only nucleotide, other than dGTP, that we have found to 
attenuate inhibition is dITP, which, like dGTP, base-pairs 
with C residues. Maximal activity requires a higher concen- 
tration of dITP than dGTP, and thus a higher concentration 
of dITP is needed to diminish inhibition. With no dGTP in 
the assay mixture, the inhibition by 3 uM drug was 86, 63, 
25, and 6% at 0, 4.0, 90, and 480 uM dITP, respectively. 


Inhibition by HPUra Is Reversible. Addition of dGTP or 
dilution of the reaction mix reduced the inhibition by acti- 
vated HPUra to the level expected of a reversible inhibitor 
(Fig. 5). Thus, polymerase III is not irreversibly inactivated 
by HPUra. 


Inhibition by H PIso Is Reversed by dATP. HPIso is an ana- 
logue of HPUra in which the pyrimidine 2-keto group in 
HPUra is replaced by an amino moiety. Like HPUra, HPIso 
must be reduced to be an inhibitor of B. subtilis polymerase 
III. Unlike HPUra, the inhibition is attenuated by dATP 
and not dGTP, as also found in toluene-treated B. subtilis 
cells (17). Thus, an increase in the concentration of dATP 
from 5 uM to 200 uM in an assay reduced the inhibition by 
20 uM HPIso from 87% to 17%, while addition of dAMP, 
dGTP, dTTP, or dCTP to 200 uM was without effect. 


Template Specificity of Inhibition by Hydroryphenylazo- 
pyrimidines. The data presented thus far can be explained by 
postulating that HPUra and HPIso are simple competitive 
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Fic. 5. Reversal of HPUra inhibition. (A) Reaction mixtures 
contained in a total volume of 0.3 ml, 0.18 unit of polymerase ITI 
and activated HPUra at either 0 uM, O O; 13 uM, e——e; 
or 67 uM, @——§; temperature is 30°. At the indicated time 
(arrow), 0.15 ml of each reaction mixture was diluted with 0.85 ml 
of assay mixture without drug and enzyme. For measurement of 
incorporation, 30- and 200-ul aliquots were withdrawn before and 
after dilution, respectively. (B) Reaction mixtures at 30°, con- 
tained in a total volume of 0.4 ml, 10 uM triphosphates, 0.1 unit 
of polymerase ITI, and activated HPUra at 0 uM, O O or 100 
uM, @——s. At the indicated times (arrows), dGTP to 0.4 mM 
was added to each. For measurement of incorporation, 40-,l ali- 
quots were withdrawn. 


inhibitors of the reaction of dGTP and dATP, respectively, 
with B. subtilis polymerase III. Polymerase III catalyzes an 
extensive end-addition reaction in the absence of a full tri- 
phosphate complement (11). Under these conditions, it is 
clear that HPUra inhibits the incorporation of each of the 
four triphosphates. HPUra (100 uM) inhibited the incorpora- 
tion of 10 uM dATP, dTTP, dCTP, and dGTP alone by 92, 
96, 85, and 77%, respectively. A dose—response curve for the 
inhibition of synthesis with dGTP missing from the full tri- 
phosphate complement is plotted in Fig. 6. The A; is 6 X 
10-7 M or about the same as that obtained in the presence of 
dGTP. Thus, HPUra prevents the incorporation of all four 
triphosphates while only dGTP attenuates inhibition. 

A simple model consistent with the data postulates that 
HPUra binds to an enzyme-template replicative complex 
only when C is the base to be copied (T for HPIso); the 
HPUra hydrogen-bonds to the C residue. This ternary com- 
plex, enzyme-template-inhibitor, decreases the amount of 
enzyme available for polymenzation. Since only dGTP is 
accepted by a polymerase copying a C residue, only dGTP 
competes with HPUra. 

One test of the model is provided by the experiments re- 
ported in Table 1. Synthetic polymers were used to limit the 
template residues to A alone for (dT)-poly(dA) and to A 
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Fig. 6. Inhibition by HPUra in the absence of dGTP. The 
conditions are the same as in Fig. 3 except that the assay mixture 
contained no dGTP. 
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TABLE 1. Inhibition of oligo(dT) - poly(dA)- 
and poly[d(A-T) |-promoted synthesis 





Incorporation (pmol) 
Nodrug HPUra HPIso 





Template-primer 





1. (dT)o-poly(dA), 0.25 mM 4. 
2. Activated DNA, 0.004 mM <0. 
3. (dT)o-poly(dA), 0.25 mM 4. 
and activated DNA, 
0.004 mM 
4. Poly[d(A-T)], 0.28 mM 0.12 0.11 


6 §.§ 4.2 
<0.1 


1 
4 


<0.01 





The homopolymer experiments used 83 uM (dT), 165 w.M 
poly(dA), 50 uM [*H]dTTP, and 0.025 unit of enzyme in a total 
volume of 0.1 ml. The reaction was done at 25° for 15 min. Exp. 
4 contained 0.28 mM poly[d(A-T)], 7 uM [*H]dTTP, and 0.025 
unit of enzyme. The reaction was at 37° for 15 min. (Note that 
poly[d(A-T)] is a poor template for polymerase III.) The drug 
concentration was 200 uM in Exp. 4 and 100 uM in the others. 


and T residues for poly [d(A-T)]. The incorporation of dTTP 
into 0.25 mM oligo(dT) - poly(dA) and 0.28 mM poly [d(A-T) ] 
was not inhibited by HPUra. However, the addition of only 
0.004 mM activated DNA, an amount that by itself promoted 
negligible synthesis, caused the incorporation into the homo- 
polymers to be inhibited 87% by 100 uM HPUra. Even at 
one-tenth this amount of DNA the activity is halved by 
HPUra. HPIso, however, markedly inhibited poly[d(A-T)] 
but not oligo(dT) -poly(dA)-primed synthesis. We interpret 
these results as indicating that the activated DNA provides 
a C residue for the HPUra ternary complex and the poly[d- 
(A-T) ] provides the T residue for the HPIso complex; evidently 
these complexes scavenge free enzyme efficiently. 


DISCUSSION 


In order for HPUra to inhibit DNA polymerase activity four 
conditions must be fulfilled. First, the drug must be chemically 
modified; reaction with several reducing agents including 
dithiothreitol, reduced glutathione, cysteine, TPNH, and as- 
corbic acid is sufficient. While the structure of the active form 
is unknown, a hydrazine derivative of HPUra is compatible 
with the data. The reduction of the azo linkage would inter- 
rupt the conjugated double-bond system and thereby cause a 
loss of the visible spectrum, and, typically, hydrazine deriva- 
tives oxidize rapidly in air (18), as does activated HPUra. 
Second, the enzyme must be B. subtilis polymerase III (or 
presumably similar polymerases from other Gram-positive 
bacteria); the other four DNA polymerases tested from B. 
subtilis, E. coli, and T4-infected cells are resistant to the 
drug. Third, the template probably must contain a C 
residue for HPUra inhibition (a T residue for HPIso inhibi- 
tion). Fourth, the dGTP to HPUra ratio must not be too 
high (dATP for HPIso inhibition). 

The inhibition model postulates that HPUra and HPIso 
occupy the triphosphate binding site of polymerase III, 
hydrogen bonding to C and T on the template, respectively. 
These are, of course, not the expected base pairs, but if an 
enol tautomer of the drug is present, then these specific pairs 
can be drawn. The 4-hydroxy tautomer of HPIso can make 
three good hydrogen bonds to T but cannot readily form two 
hydrogen bonds to the other bases within wobble limits (19). 
Since HPUra has two carbonyl groups, two monoenolic isomers 
are possible. With the 4-hydroxy form, two hydrogen bonds 
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can be formed to C but two hydrogen bonds cannot be made 
readily to G or A within wobble limits; bonding to T brings 
the keto groups rather close together. It is interesting to note 
that another uracil analogue, 3-deazauridine, has an enolic 
4-hydroxyl group (20). The 2-hydroxy derivative of HPUra 
can make three hydrogen bonds to C and cannot pair effec- 
tively to T and G; base pairing with A may be excluded on 
geometric grounds since HPUra and HPIso apparently bond 
like purines. These postulated base pairs do not require any 
significant tilting of the pyrimidine ring of the drug from 
the position of this ring in the purines of the Watson—Crick 
base pairs. 

Whatever the precise structure of the base pairs*, the evi- 
dence that the drugs hydrogen-bond to the template is quite 
good. The binding of each of the drugs (which differ only in 
the pyrimidine moiety) to the template-enzyme complex is 
strong, but reversible, and base-specific both in its formation 
and its competition by triphosphates. Hydrogen bond-medi- 
ated base pairing is the most reasonable explanation of these 
properties. It is striking, and somewhat surprising, that the 
apparent affinity of the enzyme for HPUra and dGTP is the 
same, while (GDP and rGTP do not compete effectively with 
dGTP for polymerase ITI. 

The contrast of HPUra with ara-CTP is instructive. While 
the effect of both drugs is enzyme-specific and reversed 
by a specific triphosphate for both EZ. coli (21) and B. subtilis 
DNA polymerases (11), ara-CTP has no effect on synthesis 
in the absence of dCTP (11). Ara-CTP acts as a simple com- 
petitive inhibitor of dCTP incorporation while HPUra pre- 
vents the incorporation of all four triphosphates. 

Evidence was presented that HPUra does not alter the 
template nonspecifically; nor does it inhibit by binding to a 
triphosphate to form a toxic analogue, since raising the con- 
centration of either dATP, dCTP, or dTTP does nor reverse 
inhibition, even though the incorporation of each of these tri- 
phosphates is prevented by the drug. 

There are several persuasive arguments for the inhibition 
of polymerase III being the site of action of HPUra in vivo. 
First, the reaction of HPUra with B. subtilis polymerase III 
is highly selective. Second, the in vitro reaction, like the in- 
hibition of toluene-treated cells, is rapid in onset, is reversible 
by dilution or by dGTP (dATP for HPIso), and requires a 
reduced drug at only very low concentrations (the K ;, in vitro, 
is less than 1 »M). Third, the pattern of inhibition in vivo in 
affecting only the host, replicative DNA synthesis is clearly 
compatible with an action on a specific DNA polymerase. 
Therefore, it seems likely that B. subtilis polymerase III, 
like the correspondingly numbered E. coli enzyme (22), is 
necessary for DNA replication (see note added in proof). 


NOTE ADDED IN PROOF 


We have selected a spontaneous mutant of B. subtilis resis- 
tant to HPUra and HPIso. The polymerase III of this 
mutant is resistant to the drugs, thereby confirming poly- 
merase III is necessary for replication. 


* Dr. R. Wells has suggested an alternative bonding scheme that 
does not postulate enolic tautomers but rather base-pairing 
through the N-1 hydrogen, a hydrogen from the proximal nitro- 
gen of the presumed hydrazine link, and the 2-carbonyl of 
HPwUra or the amino of HPIso (personal communication). 
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Extranuclear Temperature-Sensitive Lethality in Nicotiana tabacum L. 
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ABSTRACT Tobacco seedlings from progeny of a single 
aberrant plant, either self-fertilized or used as the female 
in crosses, failed to become autotrophic at 13° day and 8° 
night temperatures, but grew normally at 26° day and 20° 
night temperatures. After initial normal growth at 26° 
day and 20° night temperatures, autotrophic plants from 
the aberrant line also died after subsequent exposure to 
13° day and 8° night temperatures. The temperature- 
sensitive lethality was transmitted only through the 
female parent. When seedlings were grown at normal 26° 
day and 20° night temperatures, mutant selfs, normal selfs, 
and reciprocal F, hybrids were indistinguishable. 





In a recent study sponsored by the National Research Council 
(1), evidence was presented for the dangers associated with 
the restricted germ plasm base in many plant species. In 
addition, attention was directed to the greater uniformity 
of cytoplasmic, as compared with nuclear, genes. Such uni- 
formity of cytoplasm in male sterile Zea mays L. exposed this 
species to extreme vulnerability to a plant pathogen that led 
to widespread yield reductions in 1970. It was suggested that 
additional attention should be given to the cytoplasm of 
plants to increase cytoplasmic genetic diversity as a safeguard 
against major crop losses. 

Recent information from investigations of extrachromo- 
somal genetic factors has been summarized and elucidated 
(2, 3). Many studies are currently being directed toward 
identification of specific cytoplasmic organelles and the 
mechanisms of biochemical control. Both plastids and mito- 
chondria have been shown to possess their own DNA, RNA, 
and protein synthetizing systems. 

Temperature-sensitive nuclear alleles have served as useful 
source material for the study of biochemical functions in 
many species. Examples of the type of studies enhanced by 
these techniques can be seen for bacteria (4), bacteriophage 
(5), and Drosophila (6). Many of the alleles in these species 
cause lethality at critical temperatures. 

The detection of temperature-sensitive extrachromosomal 
factors has not been as widespread, and we know of no docu- 
mented examples in higher plants. Cytoplasmic male sterility 
in Zea mays L. reverts to partial fertility under certain en- 
vironmental conditions, but this reversion is apparently re- 
lated more to the presence of nuclear factors that control 
partial restoration than to the cytoplasm per se (7). Tempera- 
ture-sensitive cytoplasmic genes in Chlamydomonas have 
been mapped into linkage groups (8). Identification of cyto- 
plasmic temperature-sensitive mutants in higher plants would 
be useful in characterizing the related functions of the nucleus 
and cytoplasm. The present report describes an extrachro- 
mosomal temperature-sensitive factor lethal to growth of 
Nicotiana tabacum L. 


An F, tobacco population was created by self-fertilizing a 
single F, plant from a Hicks Broadleaf ( 9 ) x Coker 139 (co) 
cross, each parent representing a long-time inbred line. 
Random reciprocal crosses were made among the F: plants for 
a study of the inheritance of quantitative characters within 
the population. Seeds were sown in outdoor plant beds in 
North Carolina during February to obtain plants for trans- 
planting to fields in May. The seeds from one F; plant used 
as the female parent in crosses with four other random F; 
plants produced only a few very small plants, whereas re- 
ciprocal crosses were normal. Several of the aberrant seedlings 
were transplanted to fields. They were delayed in flowering by 
about 10 days, but the flowers were normal in morphology and 
fertility. Since no self seeds were obtained from the F, plants, 
only the four reciprocal cross pairs were available for further 
study. The aberrant F, parent plant was designated 5, and the 
four normal plants were designated 1-4. 

The self generation, S;, from each of the four reciprocal-cross 
pairs was seeded in plant beds in fields the next year. The four 
self families that involved plant 5 as the female in the previous 
generation produced only a few plants and they were retarded 
in growth. Self progenies from the reciprocal crosses developed 
normally. There was no evidence of segregation in any of the 
crosses. 

Studies were restricted to reciprocal crosses of parents 1 
(normal) and 5 (aberrant) in subsequent years. In the S: and 
S; generations of 1 x 5 and 5 x 1, each was crossed recipro- 
cally to the initial Hicks and Coker 139 parents. Aberrant 
seedlings were always associated with the cytoplasm of parent 
5; this parent will hereafter be referred to as a mutant type. 
Although field studies established that aberrant growth was 
associated with the cytoplasm of parent 5, it was not possible 
to establish whether crosses with parent 5 cytoplasm failed to 
germinate or died after germination. Air temperatures in the 
vicinity of the field beds during February and March were 
often below 0°, followed by warmer temperatures in April and 
May. We suspected that the cold temperatures influenced or 
controlled expression of the mutant phenotype. 

Seeds were evaluated in environmental growth chambers to 
determine the effect of temperature on germination and 
seedling survival. Crosses evaluated were the mutant 5 x 1 
Ss, normal 1 x 5 S¢, and the two reciprocal F; hybrids. 25 
Seeds of each cross were sown on a soil mixture in 15-cm clay 
pots, with five replications of each cross. The growth chamber 
operated on a 12-hr day, with a 17,222 lux (lumens/meter?) 
light regime. 

In the first experiment, the chamber was set for 9° day and 
7° night temperatures. No germination was observed for any 
seeds after 15 days, at which time the temperatures were 
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Fic. 1. Seedling emergence and survival at 13° day and 8° 
night temperatures. (——) Normal self; (———), normal x 
mutant; (-——), mutant self; (----) mutant x normal. 





elevated to 13° during the day and 8° at night. Germination 
began 10 days later; the number of plants showing green 
cotyledons was scored each day. The cumulative number of 
germinated seedlings is shown in Fig. 1. 

The normal and mutant lines and the reciprocal crosses 
germinated at the same rate and to the same total number of 
plants. The normal parent and the hybrid where the normal 
parent was used as a female continued to grow and develop 
new leaves. The mutant line and the hybrid with mutant 
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cytoplasm failed to become autotrophic. These seedlings 
failed to produce any leaves beyond the cotyledons, and death 
occurred about 2 weeks after germination of each seed. 

A second experiment was conducted to evaluate the ability 
of the mutant plants to survive cold temperatures after they 
had become autotrophic at normal temperatures. The same 
four crosses were seeded as in the first experiment. The initial 
temperatures of the chamber were 26° during the day and 20° 
at night. The numbers of germinated seedlings are presented 


Fic. 3. Normal self-fertilized plant (left) and mutant self-fertilized plant (right) 70 days after seeding. Initial 26° day and 20° night 
temperatures, followed by 13° day and 8° night temperatures after the 29th day. 
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in Fig. 2. Again all entries began germinating at the same time 
and produced about the same number of plants. Germination 
occurred earlier and the total number of seedlings was some- 
what greater at these higher temperatures than at the lower 
temperatures of the first experiment. After 29 days there was 
no difference in vigor among the crosses, and all plants had 
produced four true leaves in addition to the cotyledons. 
The temperatures were then reduced to the conditions of the 
first experiment, 13° day and 8° night. The mutant line and 
the hybrid with mutant cytoplasm began to slow in growth, as 
compared with the normal plants; on the 48th day after seed- 
ing the mutants and hybrids began to wilt. Thereafter, the 
plants began to die; 90 days after seeding, all plants of the two 
crosses with plant 5 cytoplasm were dead. A comparison of the 
normal and mutant parents 70 days after seeding is shown in 
Fig. 3. The increased food reserves in plants that developed 
four true leaves before they were subjected to low temperatures 
lengthened the interval before the plants died, as compared 
with the plants in the first experiment that supported only 
cotyledons. 

The two growth-chamber studies verified that the mutant 
characteristic was associated with the female parent. The 
differences between normal and mutant types were not related 
to a germination phenomenon, but to the ability of the plants 
to grow beyond the cotyledons under low-temperature stress. 
Although a plant with mutant cytoplasm can become auto- 
trophic when germinated and grown at normal temperatures, 
it has not overcome its inherent inability to survive if it is 
subjected to cold temperatures. 

We do not know whether a new mutation has occurred in a 
cytoplasmic organelle or whether heterogeneity for cyto- 
plasmic organelles exists within the population from which 
this mutant was derived. The original cross was produced on 
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Hicks cytoplasm. The parent line of Hicks strain had been 
maintained for over 10 generations of single plant self- 
pollination; therefore, one would expect that the cytoplasm 
was homogeneous. However, quantitative genetic studies of 
segregating families within this Hicks Broadleaf x Coker 139 
population give evidence of some departure from normal 
Mendelian inheritance, and the present mutant verifies at 
least one qualitative change. 


This is paper number 3890 of the Journal Series of the North 
Carolina State University Agricultural Experiment Station, 
Raleigh N.C. 
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ABSTRACT In ts-136, a temperature-sensitive mutant 
of Saccharomyces cerevisiae, nuclear and mitochondrial 
RNA production can be inhibited selectively by exposure to 
36° and ethidium bromide, respectively. Using the pro- 
gramming of mitochondrial polysomes, as measured by 
their ability to form nascent polypeptide chains, as an 
assay for functional messenger RNA, we have determined 
its response to temperature shifts and ethidium bromide. 
Only ethidium bromide produced a measurable effect; 
in contrast the cell-sap system responded exclusively to 
temperature shifts. We conclude that transcription of 
mitochondrial DNA is sufficient and that import of 
messenger RNA transcribed from nuclear chromosomes 
makes no measurable contribution to intramitochondrial 
protein synthesis. 





Mitochondria, ubiquitous organelles of eukaryotic cells, 
contain their own semi-autonomous system of gene expression. 
The current view is that only the primary structure of the 
constituent stable RNA species [ribosomal RNAs (rRNAs), 
some or all transfer RNAs (tRNAs)] but not of its multi- 
tudinous polypeptides (ribosomal proteins and _ initiation, 
elongation, and termination factors, etc.) is encoded in mito- 
chondrial (mt)DNA (1). A major uncertainty remains: to 
what extent is mtDNA competent to code for mitochondrial 
mRNA, or, in other words, which, if any, of the polypeptides 
synthesized by the mitochondrial machinery are actual 
products of mitochondrial genes? Some investigators believe 
that most, or perhaps all, of mitochondrial mRNA is an import 
of nuclear origin (2, 3), while others have provided evidence 
for mitochondrial transcripts with at least some of the proper- 
ties expected of a mRNA (4), and even for the export of such 
species into the cell sap (5). 

A critical inquiry into this problem requires the following: 
(¢) a means for effectively shutting down nuclear and mtRNA 
selectively, and (ii) some way for assessing the presence and 
activity of mRNA as well as its response to (i). These condi- 
tions can be met, particularly in Saccharomyces cerevisiae, 
since it has been shown that: (¢) ethidium bromide inhibits 
transcription and appears to be restricted to mitochondrial 
events in its specificity (1, 6-8); a temperature-sensitive 
mutant (ts~136) is available that shuts down production of 
all nuclear RNA including mRNA (9, 10), and (7) the ability 
to program polyribosomes, as measured by their capacity to 
support initiation and propagation of nascent polypeptide 
chains, provides a sensitive operational assay for mRNA in 
both the cell-sap and the mitochondrial systems (9-11). 

In this communication, we show that cells and spheroplasts 
of ts~136 can be used to demonstrate that all functional 
mitochondrial mRNA is produced inside the organelle and 
that effective mitochondrial protein synthesis does not depend 
on the import of mRNA. 


METHODS 


Strains and Culture Conditions. Strains (obtained from L. H. 
Hartwell, University of Washington, Seattle) used in these 
studies were: (/) S. cerevisiae A364A, haploid, P p* (a ade, 
ade, ura, tyr; his; lys2 gal); (2) S. cerevisiae ts~136, derived 
from A364A by treatment with N-methyl-N’-nitro-N- 
nitrosoguanidine. They were grown to midexponential phase 
at 23° in medium YM-1L that contained (g/liter): yeast 
extract, 5; peptone, 10; yeast nitrogen base (filter-sterilized), 
6.7; adenine sulfate, 0.01; uracil, 0.01; succinic acid, 10; 
NaOH, 6; Na-p,1-lactate, 30, final pH 6.8. The labeling me- 
dium was YM-5L, which is the same as YM-1L except that the 
peptone and yeast extract are reduced 5-fold. 


Labeling of Spheroplasts. Cells were converted into sphero- 
plasts as described (11), suspended in the original volume of 
YM-5L plus 1 M sorbitol, and incubated with the appropriate 
precursors ((*H Juracil, 40 Ci/mmol; [*H Jleucine, 36 Ci/mmol, 
and ['*C]formate, 59 Ci/mol, all from New England Nuclear). 
Reaction was stopped by addition of crushed ice, 4 mg/ml of 
chloramphenicol, and 100 ug/ml of cycloheximide, and cen- 
trifugation at 3° (10 min at 4000 rpm in a Sorval RC-1). The 
pellet was suspended in one-twentieth of the original volume 
of 0.5 M sorbitol-NMT [10 mM MgCl.-100 mM NH,CI-10 
mM Tris: HCl (pH 7.4)] and blended for 15 sec. 


Isolation of Mitochondria and Cell Sap. Lysed spheroplasts 
were centrifuged 3 times at 600 X g for 10 min. The pellets were 
discarded and the supernatant was centrifuged at 20,000 X g 
for 20 min. The pellet, resuspended in 0.01 of the original 
volume of 0.5 M sorbitol-NMT, constitutes the mitochon- 
drial fraction; the supernatant is the cell-sap fraction. 


Isolation of Ribosomes, Samples for Counting, etc. are de- 
scribed in ref. 11 and in the figure legends. 


RESULTS 

Experimental design 

The experiments to be described have been designed to 
answer the following question: Is transcription by either of 
the two systems sufficient for mitochondrial mRNA function 
or are both necessary? This question is asked in two ways. 
After the specificity of the two blocks of RNA synthesis 
(exposure to 36° for nuclear RNA synthesis, and to ethidium 
bromide for mtRNA synthesis) is first established by measur- 
ing their effect on the kinetics of incorporation of uracil into 
mitochondrial and cell-sap RNA of the ts mutant, is a shift to 
this nonpermissive temperature (nuclear block) sufficient, 
necessary, or ineffective in the absence of a subsequent or 
simultaneous exposure to ethidium bromide (mitochondrial 
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Fig. 1. Incorporation of [*H]uracil at 36°. A364A (wild type) 
and ts~136 were grown (50 ml each) in YM-1L at 23° until Aco = 
0.5. The cells were harvested and spheroplasts were made. The 
spheroplasts were suspended in YM-5L~-1 M sorbitol and trans- 
ferred to a 36° incubator; after 20 min [*H]uracil (5 wCi/ml) was 
added. 12-ml samples were taken from each flask at the times in- 
dicated, iced, and harvested. The spheroplasts were lysed and 
mitochondrial (Mt)(1 ml) and cell-sap (Cyto) (5 ml) fractions were 
isolated. 0.2-ml aliquots were put on filter paper discs. The discs 
were put in 10% cold trichloroacetic acid for 2 hr, washed twice 
with 10% cold trichloracetic acid, suspended in EtOEt-EtOH 
(2:1), washed twice with this mixture and once with EtOEt, and 
dried. Their radioactivity was then measured (11). The values 
shown are total cpm determined on replicate samples. (0, @) 
cell-sap and mitochondrial fractions, respectively, from A364A; 
(O, @) cell-sap and mitochondrial fractions, respectively, from 
ts-136. Crossed symbols (Z, M, @, #) represent data obtained 
when 10 ug/ml of ethidium bromide was added to the spheroplast 
suspension at the time of the shift to 36°. 


block) to eliminatemRNA function? After all functional mRNA 
is first eliminated as a result of the double block, is a shift 
down (selective release of nuclear block) sufficient to re- 
establish a functional system?* 





* The converse, i.e., release of the mitochondrial block by re- 
moval of ethidium bromide is not feasible because, in addition to 
the transcriptional block, exposure to this agent also produces 
irreversible effects on mtDNA; experiments with acriflavine, 
which circumvent this difficulty, are in progress. 
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Blocks exerted by shift-up and ethidium 

bromide are specific 

The data shown in Fig. 1 demonstrate that in ts~136 a shift-up 
to 36°, a restrictive temperature for nuclear RNA synthesis in 
this strain (9), blocks incorporation of uracil into RNA 
outside, but is without effect on this process inside, the mito- 
chondria. Conversely, ‘exposure to ethidium bromide for 10 
min completely blocks incorporation of this precursor into 
mtRNA at the restrictive temperature, or at 23°, the permis- 
sive temperature—as well as into mtRNA of the wild type at 
either temperature—without affecting cell-sap RNA. 


Functional mitochondrial mRNA is unaffected by a 
shift-up but blocked by ethidium bromide 

A shift-up of ts-136 to 36°, followed by incubation at this 
temperature for 60 min, is sufficient to eliminate all mRNA 
function in the cell sap, as measured by the disappearance of 
polysomal structures (9, 10), and the inability of these struc- 
tures to catalyze polypeptide chain initiation or elongation 
(Table 1). As judged by any of these criteria cell-sap functions 
are, however, inert to exposure to ethidium bromide at either 36° 
or 23° (compare Fig. 3A and C) (as they are in the wild type). 
Conversely, functional mRNA-containing ribonucleoprotein 
particles, isolated from highly purified mitochondria, are 
unaffected by the elevated temperature, as measured by 
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Fic. 2. [8H]Uracil incorporation after shift-down from 36° to 
23°. Procedure as in Fig. 1, except that the spheroplasts were 
kept for 60 min at 36 and shifted down to 23°. Then 10 ug/ml of 
ethidium bromide was added to one sample and no drug to 
another. 20 min later [*H]uracil (5 wCi/ml) was added to the 
samples, and 10-ml aliquots were taken at the appropriate time. 
Symbols are as in Fig. 1. 
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Fig. 3. Polypeptide synthesis on ribosomes. ts~136 cells were 
grown in YM-1L medium (200 ml each) to Ago = 0.4 and then 
shifted to 36°; after 60 min at this temperature one-half of the 
cells received 10 ug/ml of ethidium bromide. Then both samples 
were incubated 60 min longer at 36° before they were shifted down 
to 23° and incubated for 30 min. The cells were harvested and 
spheroplasts were made at 23°. They were suspended in YM-5L 
(supplemented with 10 ug/ml of ethidium bromide for the cells 
treated with this agent at 36°). After 30 min, [*H]leucine (5 
uwCi/ml) and ['*C]formate (2.5 wCi/ml) were added. The reaction 
was stopped after 10 min by addition of crushed ice plus 100 
ug/ml of cycloheximide and 4 mg/ml of chloramphencol. The 
spheroplasts were sedimented and lysed by blending in 0.5 M 
sorbitol-N MT buffer. Mitochondrial and cell-sap fractions were 
isolated. Mitochondria were washed by sedimentation from 5 
mM EDTA-100 mM NH,CIl-10 mM Tris-HCl in 0.5 M sorbitol 
and lysed in 2 ml of 2% Triton X-100-NMT buffer. The lysates 
were layered on top of a 0.3-1.4 M sucrose in NMT buffer linear 
gradient and centrifuged for 4 hr in an SW27 rotor in an L2 Beck- 
man centrifuge, at 26,000 rpm. The gradients were fractionated 
from the top, and Ao and radioactivity were measured (11). A 
and C, cell sap; B and D, mitochondria; A and B in the absence 
of, C and D in the presence of ethidium bromide. Results similar 
to D were obtained when the cells incubated with ethidium bro- 
mide were analyzed just before the shift-down; analogous results 
for leucine were also found when 4 mg/ml of chloramphenicol 
was substituted for ethidium bromide. However, with this in- 
hibitor the Ax profile resembled that shown in B! Thus, the 
technique can distinguish between programmed functional, but 
inhibited, particles and nonfunctional ones. 


Axo, incorporation of leucine into nascent polypeptide chains 
or by chain initiation with formate (all in Fig. 3B). They also 
retain their ability to catalyze initiation of polypeptide 
chains, as measured by formation of {Met puromycin (11) or 
incorporation of leucine or formate into nascent chains (all 
shown in Table 1): all these activities, at either temperature, 
are eliminated by prior exposure to ethidium bromide. Similar 
results (not shown) are obtained with chloramphenicol, a 
specific inhibitor of mitochondrial translation, except that in 
this instance polysomal structures are retained. 
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TABLE 1. Incorporation of leucine and formate into 
mitochondrial and cell-sap nascent chains (cpm) 





Formate 


Leucine fMet 
— puro- 


Cell mycin 
Addition Mt* sap Mt Mt 








wild type (A364A) 
36° 
None 1970 9000 440 5790 
Chloramphenicol 320 67 720 
Cycloheximide 1830 240 460 : 5730 
Ethidium bromide 510 — 130 1470 
36 — 23° 
None 1080 5050 240 23 5140t 
ts-136 
36° 
None 1810 5 4320 
Chloramphenicol 325 - 540 
Cycloheximide 1690 ; f 4330 
Ethidium bromide 520 - 990 
36 — 23° 
None 1080 2 5240 
Cycloheximide 1130 
Chloramphenicol 150 





* Mt, mitochondria. 

t 23° without prior incubation at 36°. 

All data are the means of duplicate or triplicate determinations 
of total epm by spheroplasts. A dash indicates not measured. 
Spheroplasts (prepared at 23°!) were equilibrated for 10 min at 
23° and then shifted to 36°; after 20 min aeration at this tem- 
perature they were divided into 50-ml aliquots. Appropriate 
drugs (4 mg/ml of chloramphenicol; 100 ug/ml of cycloheximide; 
10 ug/ml of ethidium bromide) were added, and the samples were 
aerated for an additional 10 min (ethidium bromide, for 20 min). 
Precursors (5 wCi/ml of [*H]}leucine; 2.5 wCi/ml of ['*C]formate) 
were added, and incorporation was for 10 min. Spheroplasts were 
harvested, lysed, and ribosomes were isolated from the mitochon- 
drial and cell-sap fractions (11; see also Fig. 3) by sedimentation 
for 120 min at 105,000 x g. Aliquots on filters were processed for 
counting. In the 36 — 23° experiment, prior incubation at 36° was 
for 60 min, followed by equilibration at 23° for 35 min, before ad- 
dition of inhibitors. [Met puromycin was determined in a sep- 
arate experiment, for measurement of chain initiation (11). 


Shift-down restores function only to cell-sap ribosomes 


When cells, previously incubated at 36° for 60-120 min, are 
restored to the permissive temperature of 23°, incorporation of 
uracil into cell-sap RNA resumes after a characteristic lag of 
30 min. No such lag is observed for incorporation into mtRNA 
(Fig. 2). When these cells, previously completely blocked in 
all RNA synthesis by exposure to ethidium bromide at 36°, are 
restored to 23°, the rate of uracil-incorporation returns (after 
a similar lag) to that characteristic for this regime (Fig. 2). 
Coincident with this return the residual ribosomes in the cell 
sap (9) become reprogrammed into functional polysomal struc- 
tures, whether or not ethidium bromide is present (Compare 
Fig. 3A and C, and Table 1). On the other hand, there is no 
evidence for import of any labeled RNA into mitochondria 
(Fig. 2). In another experiment, spheroplasts were exposed to 
a 30-min labeling period (with ethidium bromide added) 20 
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min after the shift-down and then to a chase of unlabeled 
uracil for an additional 60 min. 8600 cpm were incorporated 
into the cell sap, of which 1300 were retained after the chase 
(i.e., most was probably mRNA); no incorporation above 
background was observed in the mitochondrial fraction either 
before or after the chase. More conclusively, perhaps, in the 
presence of ethidium bromide polysomes decay and, in con- 
trast to the cell-sap structures, the residual intramitochon- 
drial ribosomes and subunits do not become reprogrammed for 
the support of polypeptide chain elongation or even initiation 
(compare Fig. 3B with Fig. 3D). 


DISCUSSION 


Our results show that the temperature-sensitive mutant, 
ts-136, in conjunction with the inhibitor ethidium bromide, 
can be used to study the relative contribution and importance 
of nuclear and mitochondrial RNA synthesis. They also 
indicate that formation and decay of functional polysomes 
measured by incorporation of a radioactive precursor into 
nascent polypeptide chains on these particles provides a 
sensitive, qualitative assay for the presence of functional 
mRNA not only in the cell sap (9, 10), but in mitochondria (11) 
as well. 

By means of our particular experimental design we have 
attempted to answer whether import of mRNA into mito- 
chondria is either necessary or sufficient to program their 
ribosomes for active polypeptide synthesis; we find that such 
import is completely dispensable, while the converse holds for 
mRNA synthesized inside the particle in a process sensitive to 
ethidium bromide—presumably on mtDNA. One _ possible 
source of ambiguity in the interpretation of these results 
resides in the observation that ethidium bromide may inhibit 
mitochondrial translation directly, and not just as a con- 
sequence of its interference with transcription (1, 12). The 
results of the temperature-shift experiments could then be 
interpreted in terms of such a translational inhibition of 
mitochondrial polysomes programmed with a population of 
very long-lived mRNAs of nuclear origin. We consider this 
alternative unlikely for the following three reasons: (7) Since 
we have shown that ethidium bromide is a specific and potent 
inhibitor of mitochondrial transcription under precisely the 
conditions of this particular experiment, the most parsimoni- 
ous interpretation would rely on this demonstrated fact. (2) 
Since we have repeated the shift-down experiments after prior 
exposure to 36° for as long as 2 hr, the half-life of the hypo- 
thetical mRNA would have to be >2 hr, i.e., half a generation 
time under conditions where the same species in the cell-sap 
breaks down within 23 min (9). (tit) This “stable’ mRNA 
would then have to decay rapidly under conditions of the 
postulated translation block by ethidium bromide (at either 
36° or 23°); this decay is contrary to the effect of most transla- 
tional inhibitors on polysomal stability (13), including that of 
cycloheximide on cell-sap polysomes (10), or of chloramphenicol 
on mitochondrial ones in these strains. Another possible 
source of ambiguity is that many of the experiments made use 
of spheroplasts rather than intact cells, and it might be argued 
that these structures are no longer capable of supporting 
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certain events required for complete cellular function, 
specifically the mitochondrial import of nuclear mRNA. This 
ad hoc hypothesis is highly unlikely; yeast spheroplasts have 
been shown to be fully competent to biosynthesize nucleic 
acids and proteins in Hartwell’s laboratory (9, 10) as well as in 
our own (11), including the elaboration of active mitochondria 
after release from catabolite repression. Finally, one might 
argue that ethidium bromide blocks not the synthesis of 
mitochondrial mRNA but precisely the transport into 
mitochondria of the nuclear variety: any substantial contribu- 
tion of this mechanism is ruled out by the results of the shift- 
up experiments. 

We, therefore, conclude that, at least in ascomycetes, 
transcripts of mtDNA are sufficient to account for the pro- 
gramming of the protein-synthesizing machinery of the 
organelle, and the latter need not depend on the import of 
mRNA transcribed from nuclear genes. Similar inferences 
have been drawn by Reijnders e al. from hybridization data of 
total stable mtRNA with nuclear DNA (14). Therefore, for 
these organisms at least, the only polypeptide products 
translated by the organelle are the ones encoded in the 
genome of the organelle. 
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ABSTRACT The metabolic stability of pulse-labeled 
or long-term labeled messenger RNA (mRNA) from cyto- 
plasmic free polysomes was measured in HeLa cells, with 
chase conditions that do not involve inhibitors of RNA 
synthesis, and chromatography on benzoylated-DEAE- 
cellulose or poly(T)-cellulose for isolation of mRNA. For 
these studies, a new chase technique was developed that 
allows analysis of the stability of mRNA labeled during a 
short [*H]uridine pulse. Pulse-labeled and long-term 
labeled mRNA were found to decay with an estimated 
average half-life of about 2 and 3 days, respectively, much 
longer than hitherto assumed. 





Because of the lack of an effective cold-chase technique and 
of methods for purification of messenger RNA (mRNA), 
the main approach used for the study of metabolic stability 
of cytoplasmic mRNA in animal cells has been the analysis 
of the quantitative behavior and synthetic capacity of cyto- 


plasmic polysomes after further mRNA synthesis has been 
arrested by actinomycin D. The results of these experiments 
have suggested that, while in differentiated cell types such as 
erythrocytes (1, 2) or liver cells (3) the bulk of the mRNA 
is considerably stable, the half-life of cytoplasmic mRNA 
in rapidly growing cells is relatively short, 3-4 hr (4, 5). The 
basic premise upon which these experiments rely is that poly- 
some breakdown is a direct measurement of normal degrada- 
tion of pre-existing mRNA. Recent studies on the secondary 
toxic effects of actinomycin D raise serious doubts as to the 
validity of this assumption (6-8). 

Because most of these toxic effects of the drug would lead 
to an underestimate of the stability of mRNA in rapidly 
growing cells, we felt it to be essential that this question be 
again examined under physiological conditions. In the pres- 
ent work, we report experiments by which we have mea- 
sured the half-life of mRNA of cytoplasmic free polysomes 
in HeLa cells, using chase conditions that do not involve 
inhibitors of RNA synthesis, and chromatography on benzoyl- 
ated-DEAE-cellulose or poly(T)-cellulose for isolation of 
mRNA. We found that the stability of the bulk of the free 
polysome mRNA population is much greater than previously 
reported, with an estimated average half-life of about 3 days. 


MATERIALS AND METHODS 


Cells and Method of Growth. HeLa cells were grown in 
suspension in modified Eagle’s medium (9) with 5% calf 
serum. 


Abbreviations: SDS, sodium dodecyl sulfate; BDC, benzoylated- 
DEAE-cellulose. 


Labeling Conditions. For short-term labeling of RNA or 
DNA, HeLa cells (1 to 2 & 105/ml) were exposed to [5-*H]- 
uridine (20-30 Ci/mmol; 0.1 yCi/ml in the kinetic experi- 
ments, 2.5-5.0 uCi/ml in the experiments for RNA analysis), 
or to [8-*H Jadenosine (28 Ci/mmol, 1.0 wCi/ml), or to [methyl- 
3H |thymidine (29 Ci/mmol, 1 uwCi/ml), for the times in- 
dicated. 

Long-term labeling of mRNA for stability measurements 
was performed by growth of the cells (0.5 to 1.0 X 105/ml) 
in the presence of 2.5 wCi/ml of [5-"H]uridine (20-30 Ci 
mmol) for 24 hr. In order to ensure, as much as possible, a 
uniform incorporation of the precursor into the mRNA over 
the entire 24-hr period, additional label was administered 
at 8, 16, and 22 br of incubation to bring the amount of radio- 
activity in the medium to its original level (10). As an internal 
control to monitor the recovery of mRNA from various sam- 
ples in the analysis of mRNA stability, a constant amount 
of cells grown for 1 or 2 generations in the presence of 0.03 
uCi/ml] of [2-'C]luridine (62 Ci/mol), with an additional 
0.03 wCi/ml of label being administered 2-3 hr before har- 
vesting, was added to the sample for each time point. 

For measurement of the rate of protein synthesis, HeLa 
cells, suspended at 1 X 105/ml in modified Eagle’s medium 
with 0.2 mM leucine and 5% dialyzed serum, were incubated 
with 0.2 wCi/ml of [*H]leucine (40 Ci/mmol). Total acid- 
precipitable, alkali-resistant radioactivity incorporated was 
determined (11). 

For analysis of labeling of nucleotide pools, HeLa cells, 
suspended at 1 X 105/ml in modified Eagle’s medium with 
1 mM phosphate and 5% dialyzed serum, were grown in the 
presence of carrier-free [**P orthophosphate (1 wCi/ml) for 
12-24 hr. By this time, the nucleoside triphosphate pools 
are uniformly labeled with *P (12). After *P labeling, [6- 
*Hjuridine (2.5-5.0 ywCi/ml), or [methyl-*"H|thymidine (1 
uCi/ml), or [8-*H Jadenosine (1.0 wCi/ml) was added to the 
cultures for the times indicated. 


Chase Conditions. ‘“‘Cold’’ Chase: After cells were labeled 
for 30 min or 24 hr with [6-*H]Juridine, unlabeled 10 mM 
uridine and 5 mM cytidine were added. The culture was then 
cooled in an ice bath to 4° (in a 12-min period), allowed to 
remain at this temperature for 3 hr under gentle stirring, 
warmed in a water bath to 37° (in 12 min), and kept there- 
after at this temperature. Warm Chase: 10 mM unlabeled 
uridine (in some experiments, also 5 mM unlabeled cytidine) 
were added to the growth medium, or the cells were centri- 
fuged and suspended in fresh medium, as specified below. 
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Free Polysome Isolation. A HeLa-cell extract was prepared 
(13), with 1.5 mM MgCh in the homogenization medium. 
Free polysomes were isolated from the postmitochondrial 
supernatant by centrifugation through a discontinuous sucrose 
gradient (14). The polysome pellet was suspended in 1.0 ml 
TKM [50 mM Tris buffer, pH 6.7 (25°)-25 mM KCl-2.5 
mM MgCl], layered on a 15-30% sucrose gradient in TKM, 
and centrifuged for 90 min at 25,000 rpm at 2° in an SW25.1 
Spinco rotor. For analysis of EDTA sensitivity of the poly- 
somes, the polysome pellet was dissolved in TKV (TKM, 
with 10 mM EDTA instead of MgCl.) and centrifuged, as 
described above, through a 15-30% sucrose gradient in TKV. 


RNA Extraction and Analysis. RNA was extracted from 
polysomes by the sodium dodecylsulfate (SDS)-Pronase- 
phenol method (15). For sedimentation analysis, the RNA 
was centrifuged for 15 hr at 26,000 rpm at 20° in an SW25.3 
Spinco rotor through a 15-30% sucrose gradient (prepared 
over 2 l-ml cushion of 64% sucrose) in SDS buffer. 


Benzoylated-DE A E-Celluiose (BDC) Chromatography. Poly- 
somal RNA was analyzed on BDC columns (16). The resin 
was either prepared in this laboratory or purchased from 
Schwarz/ Mann or Boehringer-Mannheim Corp. 
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Fic. 1. (A) Kinetics of net incorporation of [*H]uridine by 
HeLa cells and decay of labeled RNA by three different pulse- 
chase techniques. Three HeLa cell cultures were labeled for 30 
min with (*H]uridine; one was cooled for 3 hr in the presence of 
10 mM uridine and 5 mM cytidine, and then warmed to 37° 
(a——8), the other two were chased at 37° by addition of 10 mM 
uridine (A A), or 5 ug/ml of actinomycin D (O——©). The 
data plotted are the acid-precipitable cpm in aliquots of the 
cultures after the cells were washed with a salt solution. The 
labeling data for the latter two cultures are displaced on the axis 
of abscissae, so as to compare the effectiveness of the chase at 
37° with that of the cold-treated culture. The actinomycin ex- 
perimental data are redrawn from Houssais and Attardi (20). 
(B) Specific activities of the UTP and CTP acid-soluble pools 
in cells labeled for 30 min with [*H]uridine and either subjected 
to a “cold” chase and then warmed, or directly chased at 37° 
with 10 mM uridine and 5 mM cytidine. The cells had been pre- 
viously labeled for 24 hr with [*?P]orthophosphate, and the spe- 
cific activity data are expressed as *H to *P ratios (11). “Cold” 
chase: #——#8, UTP; ¥——V,C TP. Warm chase: O——0, UTP; 
V——V, CTP. 
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Fig. 2. Kinetics of net protein (A), RNA (B), or DNA syn- 
thesis (C) in cells subjected to ‘‘cold’’ chase. The time-courses of 
synthesis measured in ‘‘cold’’ chased cultures immediately after 
the cooling period, @ @ or, for RNA, also after 3 hr rewarming 
A 4, are compared to those of untreated cultures at the same 
cell concentration O——. The incorporation of [8-H]adenosine 
into RNA was measured as acid-precipitable cpm solubilized 
by treatment with 0.5 N NaOH at 30° for 22 hr. The [8-*H]- 
adenosine- and [*H]thymidine-labeling data are corrected for dif- 
ferences in specific activity of the ATP and TTP pools, respec- 
tively. 


Poly(T)-Cellulose Chromatography was performed accord- 
ing to Kates et al. (17), except that RNA was applied to the 
column in 0.12 M NaCl-10 mM Tris, pH 7.4-1 mM EDTA, 
and the column was washed with the same buffer. 


Nucleotide Pool Analysis. The nucleoside triphosphates 
were isolated from cells long-term labeled with [**P Jortho- 
phosphate, and labeled for different times with tritiated pre- 
cursors, by two-dimensional thin-layer chromatography on 
PEI-cellulose, as described (11). 


RESULTS 

Effectiveness and physiological effects of the 
“cold”? chase technique 
The conventional pulse-chase technique, involving the use 
of a large excess of unlabeled precursor to dilute the intra- 
cellular pools, is ineffective in the study of RNA metabolism 
in animal cells because of the continued RNA labeling from 
the large triphosphate pools, which are fed by the turnover 
of unstable RNA species. In view of the need for an effective 
chase technique in the present work, an effort was made to 
develop chase conditions that would overcome this difficulty. 

Since at least some of the enzymes involved in nucleotide 
phosphorylation may remain active at reduced temperatures 
(18, 19), a chase procedure was devised in which addition 
of an excess of unlabeled precursors was coupled with a rel- 
atively brief cold treatment, in an attempt to wash out the 
triphosphate pools while RNA synthesis and degradation 
are arrested*. A comparison of this “cold” chase with a warm 
chase using an equal concentration of exogenous unlabeled 
uridine is shown in Fig. 1A. After a 30-min [*H Juridine pulse, 
the warm chase fails to stop further incorporation of label 
into RNA, which continues for at least 2 hr. By contrast, 
after the ‘“‘cold”’ chase, there is an immediate decay of the 
incorporated label, with a reduction of about 35% during 
a 40-min period after the culture is rewarmed. The initial 
kinetics of decline in acid-precipitable counts per min (cpm) 
is similar to that found after further RNA synthesis is blocked 
with 5 ug/ml of actinomycin D; this decay represents in most 
part the turnover of heterogeneous nuclear RNA (20), which 


* A detailed description of this procedure will be published else- 
where. 
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Fic. 3. Sedimentation patterns in sucrose gradients of free 
polysomes from cells labeled with [*H]uridine for 20 min before 
and after disruption with EDTA. The free polysome pellet from 
1.6 X 108 cells was divided into two equal parts: one half was 
analyzed in sucrose gradient in TKM, the other half was analyzed 
in sucrose gradient in TKV. O---O, Aso TKM; A---A, 
Aw TKV; @ ®, *H cpm TKM; 4——4, *H cpm TKV. 


in the warm chase is masked by a continued high rate 
of incorporation. The basis for the effectiveness of the “cold”’ 
chase procedure is shown in Fig. 1B. During the 3-hr “‘cold”’ 
treatment, there is no change in the amount of incorporated 
radioactivity, while the specific activities of the UTP and 
CTP pools are reduced to 13 and 38%, respectively, of their 
original values. This reduction in specific activity is the re- 
sult of two cooperative effects: the increase by a factor of 
about 2.5 in the UTP pool size, due to the high uridine con- 
centration in the medium, and a loss of 70% of the total 
acid-soluble radioactivity from the cells. 

In Fig. 2, the kinetics of net synthesis of RNA, DNA, and 
prctein after the “cold” chase are compared to control kinet- 
ics. The net incorporation of [*H Jleucine into protein starts 
immediately after rewarming (within 2 min from transfer 
of the culture to the 37° water bath), and proceeds at a rate 
identical to that of the control culture, when analyzed both 
within the first few minutes after rewarming (not shown) 
and over an extended period (Fig. 2). These observations 
suggest that not only does the “cold” chase not impair poly- 
some protein synthesis, but also it allows the arrival of mRNA 
at the polysomes to occur at a normal rate. Similarly, the 
measured rate of DNA synthesis is about 90% that of con- 
trol, the difference being presumably not significant. This 
result, coupled with an observed steady exponential increase 
in cell number and a normal generation time (about 24 hr), 
indicates that no significant degree of synchronization was 
induced by the cold shock. There does exist, however, a transi- 
tory inhibition of about 35% of the rate of net RNA synthesis 
in the cell. This inhibition, which is caused by the high con- 
centration of exogenous uridine, gradually disappears until, 
by 3 hr, the rate of net RNA synthesis returns to normal. 


Isolation of free polysome mRNA 


Since benzoylated-DEAE-cellulose (BDC) chromatography 
has been successfully used in purification of bacterial mRNA 
(16), isolation of HeLa cell mRNA was attempted by such 
a procedure. Free polysomes from cells pulse-labeled for 20 


t No such effect was observed for the CTP pool (its size was about 
one-tenth of that of UTP after the chase), while the ATP pool 
was reduced to one half. 
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min with [*H Juridine and uniformly labeled with ['*C Juridine 
were isolated. These polysomes are more than 95% pure, as 
judged by the sensitivity to EDTA of both the UV absorbing 
and the radioactive material (21) (Fig. 3). Fig. 4A shows 
the sedimentation profile of polysomal RNA. Clear ['*C]- 
uridine peaks corresponding to ribosomal RNA (rRNA) and 
transfer RNA (tRNA) are seen, while the pulse-labeled 
mRNA shows a heterogeneous sedimentation profile extend- 
ing from about 8 S to more than 40 5, with a broad peak 
centered around 20 8. The small peak of *H label found at 
the bottom of the tube is RNA that has been prevented from 
pelleting by the cushion of 64% sucrose. 

The portion of the gradient indicated by arrows in Fig. 44 
was pooled and chromatographed on BDC at pH 3.5. Fig. 
4B shows the RNA eluted, as a single peak, with 1 M NH,Cl 
in urea buffer (8 M urea-0.1 M acetic acid, pH 3.5); this RNA 
includes about 90% of the *H-labeled mRNA (in different 
experiments, the yield of mRNA varied between 70 and 95%) 
and only about 5% of the “C-labeled RNA. The sedimenta- 
tion profile of the eluted pulse-labeled material is identical 
to that shown in the original gradient (Fig. 4C), showing 
that there was no degradation or preferential isolation of any 
size class of mRNA. The '*C curve shows a small peak at 18 
S and a smaller one at 28 8; these peaks presumably repre- 
sent a small amount of eluted rRNA, corresponding to about 
2% of that originally present in the preparation. 

The basis of the separation on BDC at pH 3.5 of mRNA 
and rRNA is not clear (16). Thus, although this procedure 
appeared to be effective for isolation of HeLa cell mRNA, 
we felt it to be desirable to check the results with an inde- 
pendent technique. For this purpose, the procedure for iso- 
lation of mRNA from mammalian and other eukaryotic poly- 
somes on poly(U)— or poly(T)-cellulose columns (22, 23) 
[exploiting the existence of poly(A) stretches covalently 
linked to the mRNA molecules (22-24) ] was used. The sedi- 


Fic. 4. Sedimentation patterns in sucrose gradients of HeLa 
cell polysomal RNA before and after BDC chromatography. 
(A) Sedimentation profile of RNA extracted from a mixture of 
cells labeled for 20 min with [*H]uridine and cells labeled for 
48 hr with ['C]uridine and chased for 24 hr with 1 mM uridine. 
(B) The portion of the gradient indicated by arrows in (A) was 
collected by ethanol precipitation and centrifugation, and chro- 
matographed on BDC, pH 3.5. The RNA eluted with 1 M NH,Cl 
in urea buffer is shown. (C) A portion of the RNA eluted from 
the BDC column was run in sucrose gradient as in (A). @ e, 
*H cpm; O---O, *C epm. 
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Fig. 5. Comparison of sedimentation patterns of pulse- 
labeled polysomal RNA isolated by BDC or poly(T)-cellulose 
chromatography. A portion of polysomal RNA from cells labeled 
with [*H]uridine for 30 min was run on a poly(T)-cellulose 
column (insert), and an equal portion on a BDC column. The 
material eluted with 10 mM Tris, pH 7.4-1mM EDTA from the 
poly(T )—cellulose column (arrows in insert) and that eluted from 
the BDC column were collected by ethanol precipitation and 
centrifugation, and run on sucrose gradients, as in Fig. 4. @——®, 
poly(T)-cellulose-isolated RNA; O——O, BDC-isolated RNA. 


mentation patterns of mRNA pulse-labeled for 30 min iso- 
lated on a BDC and a poly(T)-cellulose column (insert) are 
compared in Fig. 5. The *H profiles of the mRNA are sub- 
stantially identical, with the recovery of the *H label being 
about 15% higher with the poly(T)-cellulose column. A 
similar sedimentation pattern of HeLa mRNA separated on a 


poly(T)-cellulose column has been recently published (25). 
In the present work, both BDC and poly(T)-cellulose chro- 
matography were used to isolate mRNA for analysis of its 
metabolic stability. 


Metabolic stability of free polysome mRNA 


By the techniques described above, the metabolic stability 
of free polysome mRNA was investigated. In order to be 
able to follow the fate of both the faster turning over and 
the more stable components of mRNA, the cells were labeled 
either for a short time (30 min) or for 24 hr. 

Fig. 6 summarizes the results of several experiments mea- 
suring the rate of decay, after “cold” chase, of free polysome 
mRNA labeled for 30 min or for 24 hr with [*H Juridine, and 
isolated by either BDC or poly(T)-cellulose chromatography. 
The zero-time point in these experiments was measured im- 
mediately after the temperature of the rewarmed culture 
reached 37°. In the experiments involving a 30-min pulse, 
this zero-time value was corrected (see legend of the figure) 
both for the arrival at the polysomes of mRNA labeled during 
the pulse (insert) and for continued incorporation of the label 
remaining in the nucleotide pools. No such correction was 
applied to the 24-hr labeled mRNA, because of its small value. 
mRNA labeled with [*H ]Juridine for 30 min and isolated by 
BDC or poly(T)-cellulose chromatography decays with an 
approximately first-order kinetics, with a half-life of about 2 
days (Fig. 6A). mRNA labeled with [*H Juridine for 24 hr and 
isolated by BDC chromatography also appears to decay expon- 
entially with a half-life that, by extrapolation of the curve, 
was estimated to be about 3 days (Fig. 6B). 

As a control for any possible side effects of the “‘cold’”’ chase 
that might lengthen the life-time of the mRNA, HeLa cells 
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were labeled for 24 hr with [*H]uridine and suspended in 
fresh medium without added uridine or cytidine. Fig. 6B 
shows that the metabolic stability of the mRNA chased in 
this manner, isolated by either BDC or poly(T)-cellulose 
chromatography, is close to that obtained after “‘cold’’ chase. 


DISCUSSION 


The main observation reported here is that in HeLa cells 
cytoplasmic mRNA is endowed with a much greater stability 
than has been assumed up to now. The average half-life of 
the bulk of free polysome mRNA in these cells is estimated 
to be about 3 days. 

The similarity of half-life between mRNA labeled for 30 
min and for 24 hr suggests that there is no large subpopula- 
tion of unstable mRNA in HeLa cells. We do not know, how- 
ever, whether the measured decay results from a random 
degradation of the various molecular species of mRNA, or 
whether there are different classes of mRNA with different 
half-lives. The existence of mRNA species less stable than 
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Fic. 6. Kinetics of decay of free polysome mRNA. (A) Equal 
samples of HeLa cells, labeled for 30 min with [*H]uridine and 
subjected to the “cold’’ chase, were mixed, at different times, 
with the same amount of long-term ['C]uridine-labeled cells; 
free polysome mRNA was extracted and purified by BDC (@) 
or poly(T)-cellulose(4&) chromatography. The amounts of [*H]- 
uridine-labeled mRNA at different times have been normalized 
for recovery on the basis of the '*C label. The zero-time value 
(determined after warming the culture to 37°) has been corrected: 
(i) for the continued arrival at the polysomes of mRNA labeled 
during the 30-min pulse, on the basis of the increment in labeled 
mRNA isolated on poly(T)-cellulose 1 hr after rewarming (in- 
sert), after subtraction of the small contribution of new syn- 
thesis from the labeled pools, estimated as described below [the 
increment measured relative to the amount at the end of the 
pulse would correspond to a mRNA pool equivalent to 12 min 
of synthesis, in good agreement with previous observations (21 )] ; 
(iz) for the continued synthesis from the labeled uridine and 
cytidine nucleotides; the fractional increase due to these 
nucleotides was estimated from the ratio of the integral of the 
UTP and CTP pool labeling in the 3-hr interval after warming 
(Fig. 1B) to that in the interval 0-30 min (estimated from Fig. 
1, ref. 26). No account was taken of the 35% depression in rate 
of RNA synthesis; its effect would be small and in any case would 
increase the estimate of mRNA stability. (B) Equal samples of 
HeLa cells were labeled for 24 hr with [*H]uridine and subjected 
either to the ‘“‘cold’’ chase, with the mRNA being isolated by 
BDC (@,®), or to resuspension in fresh medium at 37°, with the 
mRNA being isolated by BDC(¥) or poly(T)-cellulose (4) 
chromatography. The data have been normalized for recovery 
of the mRNA on the basis of long-term [!*C]labeled mRNA from 
cells added as internal control. 
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bulk RNA is hinted at by the somewhat shorter lifetime mea- 
sured for the mRNA labeled for 30 min, as compared to that 
labeled for 24 hr. One component of this shorter-lived mRNA 
fraction is possibly the histone messenger (5, 27). Likewise, 
the analysis of the decay of mRNA has not been extended 
for a long enough time to exclude the existence of a fraction 
of the mRNA population with a half-life considerably longer 
than the average. Although there is a slight suggestion of a 
leveling off of the decay curve of mRNA labeled for 24 hr, 
further work is needed to verify this point. 

The considerable stability shown here for the bulk of free 
polysome mRNA in a rapidly growing mammalian cell line 
provides a striking contrast to the situation in bacteria, where 
the majority of mRNA is short-lived (28). This difference 
presumably underlies a fundamental difference in regulation 
of genetic expression in the two types of organisms. While 
in bacteria this regulation operates mainly at the level of 
transcription (29), in animal cells translational mechanisms 
of control are likely to play a prominent role. 

The average half-life of cytoplasmic mRNA previously 
estimated in HeLa and L cells with actinomycin D (4, 5) (3-4 
hr) was much shorter than that measured here. This result im- 
plies that the assumption that the polysome breakdown caused 
by actinomycin D is the consequence of normal degradation 
of pre-existing mRNA was not correct. The actual mecha- 
nism of drug-induced polysome decay is not known. This 
polysome breakdown may represent only one aspect of the 
general cellular deterioration that actinomycin induces in 
HeLa cells (6-8). An alternative explanation is that the cells 
may possess a labile RNA or protein factor needed for poly- 
some stability, whose continued synthesis or function is in- 
hibited by the drug. 

The new chase procedure described here has allowed the 
analysis of the stability of mRNA labeled during a short 
[°H Juridine pulse. The mechanism by which the intracellular 
pools become depleted of radioactivity during the “cold” 
chase has not been studied in detail, although the experi- 
mental evidence indicates that expansion of the pools and 
release of the labeled precursors into the medium, presum- 
ably after dephosphorylation, play a role. With the excep- 
tion of a transient depression by 35% of the rate of net RNA 
synthesis, no side effects of the ‘‘cold’”’ chase were observed. 
A possible cause for this depression are the changes induced 
by the excess of uridine in the intracellular concentration 
of several nucleotides, which persist for at least 5 hr after 
rewarming the culture. The 3-hr recovery period may rep- 
resent the time needed for the cells to adapt to these pool 
changes. The chase procedure described here provides a valu- 
able alternative to the use of inhibitors of RNA synthesis 
for the study of the stability or processing of RNA species 
in animal cells under more physiological conditions. 

In the present work, chromatography on BDC columns, 
first used for purification of bacterial mRNA (16), has been 
applied with success to isolation of mammalian mRNA. The 
observation that messenger of animal and bacterial cells be- 
haves alike on this resin may point to a common property 
of mRNA of all organisms. The recovery of mRNA labeled 
with [*H uridine or ['*C]Juridine for 30 min or 24 hr was 
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slightly better (about 15%) after poly(T)-cellulose than 
after BDC chromatography. In the light of this observation, 
the finding that the BDC consistently gave a better vield of 
mRNA (6-9%) than the poly(T)-cellulose from the 1-day 
chased samples, and even better (16-18%) from the 2-day 
chased samples, may be significant as a possible indication 
of changes occurring in the mRNA with ageing, which affect 
its retention on poly(T)-cellulose columns. 
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ABSTRACT The structure of a biologically active form 
of Renilla (sea pansy) luciferin has been elucidated; this 
structure, confirmed by total chemical synthesis, is 
3,7-dihydro-2-methy]-6-(p-hydroxy pheny])-8- benzylimid- 
azo [1,2-a] pyrazin-3-one. In the natural compound the 
methyl group at the 2 position is replaced by an un- 
known, more complex group. For this reason the synthetic 
compound is 10% as active as the natural compound in pro- 
ducing light with Renilla luciferase. However, the spec- 
tral properties of the two compounds are identical. In addi- 
tion the rates of the luminescent reaction with both com- 
pounds are similar, and the color of the light produced is 
identical in each case. 

A compound isolated from the calcium-triggered photo- 
protein aequorin has been identified by Shimomura and 
Johnson [(1972) Biochemistry 11, 1602] to be 2-amino- 
3-benzyl-5-(p-hydroxyphenyl)pyrazine. This compound 
forms an integral part of the structure of Renilla luciferin. 
This, and other evidence, suggests that the structure eluci- 
dated for Renilla luciferin is a more general one asso- 
ciated with the luciferins of most, if not all, biolumines- 
cent coelenterates. 





From about 40,000 sea pansies (Renilla reniformis), obtained 
by dredging the ocean bottom at depths of 10-20 meters, one 
can obtain about 0.5 mg of pure Renilla luciferin. It is for this 
reason that elucidation of the structure of Renilla luciferin has 
been a difficult problem. We have accumulated a considerable 
amount of absorption data (U.V., visible, I.R.), as well as 
chemical and high-resolution mass spectroscony data, over the 
last 10 years (1-3). These data, and the observation that 
several of the physical and chemical properties of Renilla lucif- 
erin were similar to those of Cypridina luciferin (1), led us to 
propose a partial tentative structure for Renilla luciferin that 
was similar to the structure of Cypridina luciferin (1). Due to 
the small amount of Renilla luciferin available and the ease 
with which luciferin is autooxidized good NMR data have 
never been available to us. Thus, several alternative structures 
were possible based on the mass spectroscopy data. 

A choice between the various possible structures might have 
been a more difficult problem if it were not for several obser- 
vations made by us and by other investigators in the field of 
bioluminescence who were working on problems that seemed 
at first unrelated. The key observations and ideas that led to 
the proper choice of structure are outlined below. 

When the luminous tissues of bioluminescent coelenterates 
are extracted with EDTA-containing buffers, a protein can 





* This is paper no. XII of a series entitled, ‘‘Studies on the Bio- 
luminescence of Renilla reniformis.”’ 


be isolated that exhibits a bluish luminescence upon the addi- 
tion of calcium ions (4-7). Such proteins were termed ‘“‘photo- 
proteins.”’ Recently, the existence of calcium-triggered photo- 
proteins have been demonstrated in extracts of a wide variety 
of coelenterates such as Obelia, Aequorea, Pelagia, Renilla, 
Mnemiopsis, Campanularia, Clytia, Phialidium, Lovenella, 
Ptilosarcus, and Diphyes (7). Furthermore, the characteristics 
of these photoproteins were for the most part similar to those 
described for Aequorea. 

These and other observations led us to look for possible 
biochemical similarities in the bioluminescence of coelenter- 
ates. Such similarities were indeed found. For example, com- 
ponents required for luminescence in Renilla were also found 
in several bioluminescent coelenterates examined such as 
Aequorea, Obelia, Cavernularia, Ptilosarcus, Stylatula, Acanthop- 
tilum, Parazoanthus, and Mnemiopsis (8). Depending on the 
organism, these included one or more of the following: lucif- 
eryl sulfate, luciferase, photoprotein, and luciferin sulfoki- 
nase. The luciferyl sulfates isolated, including the one from 
Aequorea, produced light when added to the Renilla system, 
suggesting that the luciferins and luciferases from these coe- 
lenterates were either identical or very similar. 

When Aequorea photoprotein is treated with urea and mer- 
captoethanol, a compound is released that has been designated 
AF-350 (9). We have noted that the absorption and fluores- 
cence characteristics reported for AF-350 are very similar to 
those observed by us for Renilla-autooxidized luciferin (1). 
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The reported molecular weight of AF-350 is 277, which is also 
the strongest peak observed when Renilla luciferin is analyzed 
in a mass spectrometer. Further, the mass spectroscopy pat- 
terns of AF-350 and Renilla luciferin are essentially the same 
up to a mass of 277. 

The structure of AF-350 (J in Fig. 1) was reported recently 
(10), and this structure has been confirmed by synthesis (11). 

We noted that with minor modifications of our proposed 
structure of Renilla luciferin (1, 2) AF-350 becomes an integral 
part of the structure of Renilla luciferin. 

Based on the above observations, as well as a consideration 
of the energetics of the luminescent reaction, we felt that a 
likely ring structure for Renilla luciferin would involve fusing 
an imidazole ring to structure I, thus converting it to struc- 
ture II]. With this in mind, structure II was synthesized and 
was found to be biologically active. This paper describes the 
synthesis and some of the biological properties of this newly 
synthesized luciferin. 


MATERIALS AND METHODS 


Luciferase was purified as described (12), with elimination of 
the acetone powder step. Native Renilla luciferyl sulfate was 
isolated as described (2), and was then converted to luciferin 
(15). 

Absorption spectra were determined on a Cary model 14 
Spectrophotometer. Absolute bioluminescence and fluores- 
cence emission spectra were determined by use of an on-line 
spectrofluorimeter system (14) derived from a component 
fluorimeter (13). 

Low-resolution mass spectral data were obtained on a Du- 
pont Instrument model 21-490 single-focusing mass spectrom- 
eter equipped with a solid sample inlet probe, variable ionizing 
voltage control, and electrical ion detection. High-resolution 
mass spectral data were obtained with a CEC 21-110B mass 
spectrometer with photoplate recording of the spectra. 

The methyl ether of AF-350 (Structure Ia) was synthesized 
as described (11). A biologically active Renilla luciferin deriva- 
tive (Structure II) was synthesized from Ia by modification of 
the final steps involved in the synthesis of Cypridina luciferin 
(16). The: method used was as follows: Compound Ia was 
reacted with methyl glyoxal in ethanol-12 N HCl 1:1 under 
an argon atmosphere in a sealed tube at 110° for 1.5 hr. The 
hydrochloride of Compound III was obtained in good yield 
(85%). It was converted to Compound II by treatment with 
anhydrous pyridine hydrochloride at 210° for 2 hr under an 
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Fig. 3. A comparison of the rates of the luminescent reaction 
upon initiation with synthetic luciferin and Renilla luciferin. 
In each case, 1 nmol of luciferin was injected into a solution of 
Renilla luciferase. 


argon atmosphere in a sealed tube. The hydrochloride of Com- 
pound II was isolated from the reaction mixture in good yield 
(90%) by chromatography of the reaction mixture through 
LH-20 (2). The elution solvent was 80% methanol made 0.1 N 
with HCl. The hydrochloride of II was converted to free lucif- 
erin (II) by neutralizing it with phosphate buffer. Yellow crys- 
tals of II were obtained by heating an aqueous suspension of II 
at pH 2 under a hydrogen atmosphere, and allowing the solu- 
tion to slowly cool. It should be noted that by use of derivatives 
of glyoxal other than methyl any desired substitution can be 
made at the 2-position of luciferin (II). 


RESULTS 


Structure II was synthesized from AF-350 (Structure I) ac- 
cording to procedures outlined under Methods. The synthetic 
scheme is shown in Fig. 2. 

Absorption and fluorescence properties of I] are identical to 
those observed for Renilla luciferin (1). In methanol solutions 
at pH 7.0, they both absorb at 262 and 433 nm and they both 
exhibit the same bathochromic shifts in acidic and basic en- 
vironments. 

The molar extinction coefficients of these two transitions 
were essentially the same as those reported for Renilla luciferin 
(1). In methanol solution at pH 7.0, both Renilla luciferin and 
II exhibit identical yellow-green fluorescence emissions (Amex 
= 538 nm). 

The molecular weight of II is 331. The mass spectral pattern 
of this compound was identical to that of Renilla luciferin up 
to a mass of 331. High-resolution mass analysis of Renilla 
luciferin, however, shows it to have a molecular weight of 513. 
Thus, the R group of II is rather complex in natural luciferin. 
However, it does not influence the spectral characteristics of 
luciferin, as judged by the absorption, fluorescence, and bio- 
luminescence emission of luciferin as compared with IT. 

The synthetic compound (II) was biologically active, while 
I was totally inactive. When II was added to Renilla luciferase, 
light production occurred. As shown in Fig. 3, the rates of the 
light reaction were similar whether we used II or Renilla lucif- 
erin. Furthermore, the color of bioluminescence was identical 
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Fic. 4. A comparison of the color of bioluminescence upon 
initiation of the reaction with synthetic luciferin (A) and Renilla 
luciferin (B). In each case, the reaction was initiated by injec- 
tion of about 0.1 wmol of luciferin into a solution of luciferase. 
These spectra were corrected for instrument spectral response 
with quinine bisulfate as spectral standard. 


in both cases, as shown in Fig. 4. In each case the typical emis- 

sion spectrum of the Renilla in vitro reaction was observed. 
Because of the differences in the R group of II and that of 

Renilla luciferin as outlined above, II is only 10% as active as 
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Renilla luciferin in producing light with Renilla luciferase. We 
compared the two compounds by comparing the peak intensi- 
ties of the bioluminescent flash when equimolar amounts were 
injected into solutions of luciferase. 

It was interesting to note that the methylated form of II 
(structure III in Fig. 1) was totally inactive in producing light 
with luciferase. Upon demethylation, biological activity was 
restored. 


DISCUSSION 


From the data reported here it appears that, with the excep- 
tion of the R group in II, the structure of II and Renilla lucif- 
erin are identical. It is interesting to compare the structure of 
II with that of Cypridina luciferin (IV), whose structure and 
synthesis has also been accomplished (16-18). They both con- 
tain a pyrazine ring with a fused imidazole nucleus. The side 
chains, however, are considerably different. Side chains de- 
rived from tryptophan and arginine in Cypridina luciferin are 
replaced by those derived from tyrosine and phenylalanine in 
II. Since the heterocyclic ring structures of both compounds 
are the same, it is not surprising that we noted striking simi- 
larities in the absorption and fluorescence properties when 
Renilla and Cypridina luciferins were compared (1). A pub- 
lished tentative structure of Renilla luciferin (1, 2), which 
included an indole nucleus, was based on mass spectral data 
and a color test when Renilla luciferin is reacted with p-di- 
methylaminobenzaldehyde (3). However, the mass spectral 
data on Renilla luciferin can now be easily explained based on 
structure II. 

As mentioned above, AF-350 (I) can be isolated when the 
calcium-triggered photoprotein of Aequorea is treated with 
urea and mercaptoethanol (9). It is most interesting to find 
that this structure is an integral part of the structure of Renilla 
luciferin. This observation reinforces our recent proposal that 
the luciferins and luciferases of bioluminescent coelenterates 
are similar or identical (8). In this connection, it should be 
mentioned that both Renilla luciferin and II will produce light 
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when mixed with luciferases isolated from several coelenterates 
such as Renilla, Ptilosarcus, and Stylatula. 

When the problem of the nature of photoproteins is con- 
sidered, it is also interesting that we have isolated from Aequo- 
rea, and several other bioluminescent coelenterates, a Renilla- 
like luciferyl sulfate (8). Since Renilla extracts also contain 
luciferyl sulfate, as well as calcium-triggered soluble photo- 
protein, it seems reasonable to assume that luciferin, derived 
from luciferyl sulfate, somehow becomes an integral part of 
the photoprotein complex in coelenterates. This is an impor- 
tant consideration when one considers the overall energetics 
of the Renilla luminescent reaction, since about 70 kcal/mol 
quanta are required for the creation of the electronically ex- 
cited state of the emitter. Based on structure II and on pre- 
vious work on the mechanism of the luminescent reaction in 
Renilla with *O (19), a mechanism that satisfies the energy 
requirements and predicts the structure of the emitter (oxy- 
luciferin) is shown in Fig. 5. Hydrolysis of the peptide bond in 
oxyluciferin would lead to the formation of AF-350 (I). 


We thank Dr. R. E. Lovins of this department for providing the 
low- and high-resolution mass spectral data and Dr. J. E. Wamp- 
ler for providing the absolute fluorescence and bioluminescence 
emission data. This work was supported by grants from the Na- 
tional Science Foundation and the U.S. Atomic Energy Commis- 
sion. M. J. C. is a Career Development Awardee no. 1-K3-6M- 
333-07 of the U.S. Public Health Service. This is contribution 
no. 235 from the University of Georgia Marine Institute, Sapelo 
Island, Ga. 


1. Hori, K. & Cormier, M. J. (1973) in Chemiluminescence and 
Bioluminescence, eds. Cormier, M. J., Hercules, P. M. & Lee, 
J. (Plenum Press, New York), in press. 
Hori, K., Nakano, Y. & Cormier, M. J. (1972) Biochim. Bio- 
phys. Acta 256, 638-644. 


Structure and Synthesis of Renilla Luciferin 123 


Hori, K. & Cormier, M. J. (1966) Biochim. Biophys. Acta 
130, 420-425. 

Shimomura, O., Johnson. F. H. & Saiga, Y. (1962) J. Cell. 
Comp. Physiol. 59, 223-240. 

Shimomura, O., Johnson, F. H. & Saiga,Y. (1963) J. Cell. 
Comp. Physiol. 62, 1-8. 

Shimomura, O., Johnson, F. H. & Saiga, Y. (1963) J. Cell. 
Comp. Physiol. 62, 9-16. 

Morin, J. G. & Hastings, J. W. (1971) J. Cell Physiol. 77, 
305-311. 

Cormier, M. J., Hori, K., Karkhanis, Y. D., Anderson J. M., 
Wampler, J. E., Morin, J. G. & Hastings, J. W. (1973) J. 
Cell. Physiol., in press. 

Shimomura, O. & Johnson, F. H. (1969) Biochemistry 8, 
3991-3997. 

Shimomura, O. & Johnson, F. H. (1972) Biochemistry 11, 
1602-1608. 

Kishi, Y., Tanino, H. & Goto, T. (1972) 7'etrahedron Lett. 27, 
2747-2749. 

Karkhanis, Y. D. & Cormier, M. J. (1971) Biochemistry 10, 
317-326. 

Cormier, M. J. & Prichard, P. M. (1968) J. Biol. Chem., 243, 
4706-47 14. 

Wampler, J. E. & DeSa, R. J. (1971) Appl. Spectros. 25, 
623-627. 

Cormier, M. J., Hori, K. & Karkhanis, Y. D. (1970) Bio- 
chemistry 9, 1184-1189. 

Inoue, 8., Sugiura, S., Kakoi, H. & Goto, T. (1969) Tetra- 
hedron Lett. 20, 1609-1610. 

Kishi, Y., Goto, T., Hirata, Y., Shimomura, O. & Johnson, 
F. H. (1966) Tetrahedron Lett. 29, 3427-3436. 

Kishi, Y., Goto, T., Inoue, S., Sugiura, 8. & Kishimoto, H. 
(1966) Tetrahedron Lett. 29, 3445-3450 

DeLuca, M., Dempsey, M. E., Hori, K., Wampler, J. E. & 
Cormier, M. J. (1971) Proc. Nat. Acad. Sci. USA 68, 1658- 
1660. 





Proc. Nat. Acad. Sci. USA 
Vol. 70, No. 1, pp. 124-128, January 1973 


Thermal Motion and Forced Migration of Colloidal Particles Generate 


Hydrostatic Pressure in Solvent 


(osmotic pressure/ferrofluid) 


H. T. HAMMEL AND P. F. SCHOLANDER 


Physiological Research Laboratory, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, Calif. 92037 


Contributed by P. F. Scholander, October 30, 1972 


ABSTRACT A colloidal solution of ferrite particles in 
an osmometer has been used to demonstrate that the prop- 
erty that propels water across the semipermeable mem- 
brane is the decrease in hydrostatic pressure in the water 
of the solution. A magnetic field gradient directed so as to 
force the ferrite particles away from the semipermeable 
membrane of the osmometer and toward the free surface 
of the solution enhanced the colloidal osmotic pressure. 
The enhancement of this pressure was always exactly equal 
to the augmentation of the pressure as measured by the 
outward force of the particles, against the area of the free 
surface. Contrariwise, directing the magnetic field gradient 
so as to force the ferrite particles away from the free surface 
and toward the semipermeable membrane diminished the 
colloidal osmotic pressure of the solution. For a sufficiently 
forceful field gradient, the initial colloidal osmotic pres- 
sure could be negative, followed by an equilibrium pres- 
sure approaching zero regardless of the force of the par- 
ticles against the membrane. Thus, the osmotic pressure 
of a solution is to be attributed to the pressure in the sol- 
vent generated in opposition to the pressure of the solute 
particles caused by their interaction with the free surface 
(Brownian motion and/or an external field force), or by 
their viscous shear when they migrate through the sol- 
vent, or both. 





Recently, Scholander (1) has emphasized the view that the 
lowering of the chemical potential of water caused by adding 
microsolutes or colloidal particles to the water or by placing 
the water in a matrix is a direct and exclusive result of lower- 
ing the internal hydrostatic pressure in the water. Colloidal 
particles in Brownian motion in water disperse throughout the 
volume and exert an outward pressure on all boundaries. The 
colloidal pressure develops an internal hydrostatic tension in 
the water if there is an unrestrained surface. The magnitude of 
the colloidal particle pressure and the opposing internal neg- 
ative hydrostatic pressure in the water may be ascertained by 
separation of the suspension from pure water by a membrane 
permeable only by the water. The magnitude of that negative 
hydrostatic pressure in the pure water sufficient to prevent 
water from passing through the membrane to the suspension, 
designated as the colloidal osmotic pressure (COP), is exactly 
equal to the internal negative hydrostatic pressure in the 
water of the suspension. Thus, the COP is a consequence of, 
and is equal to, the internal negative hydrostatic pressure 
generated in the water of the suspension by the thermal 
pressure of the colloidal particles against the free boundary of 
the suspension. 

By using a colloidal suspension of magnetic particles in 
water, Scholander and Perez (2) have experimentally verified 
that the pressure exerted by the colloidal particles at the free 
surface generates the colloidal osmotic pressure of the suspen- 


Abbreviations; COP, colloidal osmotic pressure. 


sion. By applying a magnetic field so as to attract the magnetic 
particles toward the free surface and away from the semi- 
permeable membrane, they showed that the COP increased 
directly as the attractive force between the particles and the 
magnet increased. Contrariwise, by applying the magnetic 
field so as to attract the magnetic particles away from the free 
surface and toward the semipermeable membrane, they found 
that the COP decreased. However, they supposed they were 
measuring the equilibrium COP, and did not recognize the 
transient effects induced by the migrating magnetic particles. 
The purpose of this report is to describe an experiment that 
demonstrates a transient COP caused by migration or dis- 
persal of particles toward or away from the free surface. Since 
osmotic equilibrium often does not exist in biological systems, 
osmotic effects induced by migrating solutes are a principal 
concern. 


PROCEDURES 


Fig. 1A illustrates how the colloidal suspension of colloidal 
magnetic particles* was retained in an osmometer, and how a 
heterogenous magnetic field was applied to the colloidal sus- 
pension. The strength of the vertical component of the attrac- 
tive force between the suspension and the magnet was mea- 
sured by a calibrated Statham gauge supported above the 
osmometer coupled to it. COP of the suspension was measured 
before, during, and after application of a magnetic field to the 
suspension. Experiments were done with the vertical attractive 
force ranging from 0 to 35 g by variation of the separation 
between the magnet and the colloidal suspension. Since the 
cross-sectional area of the suspension in the osmometer was 
4.89 cm?, the vertical attraction pressure ranged from 0 to 7.0 
< 10° dyne-cm~?. 

The osmometer (3) was assembled by stretching a wet 
dialyzing membrane over a convex plastic dise that was 28 mm 
in diameter. A 28-cm length of 0.3-mm inner diameter 
polyethylene tubing was passed through a hole at the center of 
the disc (Fig. 1B). Between the disc and the membrane was 
placed a 25-mm dise of 0.1-mm thick lens paper, which served 
as a spacer. The lens-tissue disc was soaked in distilled water 
overnight to cleanse it of osmotically active substances. The 


* The colloidal magnetic particles of the ferrofluid used in this ex- 
periment were ferrite, and were about 100 A in diameter. In the 
manufacture of the ferrofluid, molecules of oleic acid were bound 
to the finely ground magnetic particles so as to prevent any close 
approach on collision that would flocculate the particles. The 
magnetization of the ferrofluid was 100 G and its concentration 
was on the order of 10" per cm’. The ferrofluid was obtained from 
Ferrofluidics Corp., Burlington, Mass., and is more fully described 
by Rosensweig (4). 
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Fic. 1. (A) Apparatus for measurement of colloidal osmotic pressure of ferrofluid, F, and for measurement of change in force by mag- 
netic particles when they are forced to migrate toward the semipermeable membrane by the field gradient of magnet M. Transducer P 
measures the change in force. Spring S and adjustable vise V support the weight of the osmometer and exert an additional force on P. 
(B) Procedure for mounting membrane and attaching capillary. (C) Details of osmometer. 


dialyzing membrane was stretched by placement of the dise on 
a post and retention of the membrane with a stretched rubber 
O-ring. By pulling on the free edges of the membrane, taking 
care to eliminate all creases over the edge of the disc, one 
caused the membrane to stretch and compress the tissue 
spacer. A thread of dental floss was tied around the stretched 
membrane. A razor blade was used to cut the excess of mem- 
brane between the dise and the assembly post. The apparatus 
must be assembled with gas-extracted distilled water in the 
syringe, rubber coupling, tubing, spacer, and dialyzing mem- 
brane—as shown in Fig. 1B—and care must be taken to avoid 
trapping bubbles below the membrane. The disc and mem- 
brane were pressed tightly against an O-ring in the osmometer 
by a larger plastic disc, as shown in Fig. 1C, and held by three 
flat-head brass screws (not shown in Fig. 1C). Approximately 
10 ml of ferrofluid was placed in the osmometer through a hole 
in the cover. In the middle of the upper surface of the cover was 
mounted a brass pin for exerting a force against the Statham 
transducer (model UC3). A flat spring was attached to the 
cover and was clamped in a vise, which could be rotated such 
that the weight of the osmometer was supported by the spring, 
and an additional force of about 40 g was pressed against the 
transducer. As one pole of a magnetron magnet was raised 
toward the ferrofluid in the osmometer, the ferrite was drawn 
downward exerting a force against the membrane. This 
magnetic force diminished the force against the transducer. 
The magnetic field had no direct effect on the transducer. The 
output of the transducer was recorded on a strip chart milli- 
volt recorder; the system was calibrated by adding known 
weights of ferrofluid to the osmometer and recording the out- 
put. 

The COP was ascertained by adjustment of the height of 
the capillary, Fig. 1A, in relation to the level surface of the 
suspension until there was no drift in the meniscus as viewed 


against an ocular scale with a 20-power microscope. The posi- 
tion of the meniscus could be determined within +0.1 
division (+ 2.6 um). The COP was equal to the capillary 
pressuret minus the hydrostatic pressure. When 10 min was 
allowed to detect zero drift in the meniscus, the height of the 
capillary and the COP could be obtained with an accuracy 
within +0.03 em of H.O. Only when the COP changed slowly 
was there sufficient time to obtain full accuracy by this 
method. When COP changed rapidly, another method was 
used. Upon elevation of the magnet, the capillary was im- 
mediately raised to just below the height for the lowest 
anticipated COP. At this capillary level the meniscus drifted 
to the right in Fig. 1A (away from the membrane). As the 
transient COP increased, the capillary pressure minus the 


preset hydrostatic height became equal to the COP, and the 
drift to the right became zero. Subsequently, the meniscus 
began to drift to the left at an accelerating rate. After a few 
minutes, the capillary was adjusted to a lower level, and again 
the COP was determined when the drift of the meniscus was 
zero. By this procedure, the COP was determined several 


times after applying and removing the magnetic field. 

When the magnetic field was applied so that a pressure was 
exerted against the membrane, there was an immediate small 
shift in the meniscus, possibly due to compression of the 
spacer. This shift showed no hysteresis and was complete in 
less than 5 sec. 

The volume of the water on the water side of the membrane 
was kept very small by the thin spacer, the small bore of the 
polyethylene tubing, and the small volume of the capillary, so 
as to minimize thermal drifts. In a room without forced con- 


t The capillaries used in this experiment were 20-y] micropipettes 
from Yankee. The capillary pressure of each was 46.5 + 0.1 mm of 
H,0. 
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vection these drifts were negligible. The meniscus was dis- 
placed by 1 division by a change in volume of only 8.4 x 10~* 
mm‘. 

In other experiments, the pressure transducer was mounted 
below the osmometer and the magnet was supported above the 
ferrofluid in order to pull the ferrite particles away from the 
membrane and toward the surface of the ferrofluid. For these 
experiments the osmometer cup was filled to the rim. The rim 
was coated with Vaseline and a film of Saran was loosely layed 
on the ferrofluid so as to exclude air. The cover pressed an 
O-ring onto the Saran film to maintain the film in a slack 
condition, while it retained the ferrofluid. The spring was 
adjusted so as to allow the pressure transducer to support 
about 40 g of the weight of the osmometer. As the magnet was 
lowered to the ferrofluid the weight decreased. 


RESULTS 
Magnet below 


When the magnet was raised beneath the ferrofluid so as to 
draw the ferrite particles away from the free surface and 
toward the membrane, there was an immediate transient re- 
duction in the COP from —1.55 em of H:O to +2.90 cm of 
H.O (Fig. 2A). Subsequently, the COP increased rapidly, then 
gradually, until it read nearly zero after 33 hr. Conversely, 
when the magnet was removed, the COP increased immedi- 
ately to more than the equilibrium COP before it gradually 
returned toward the equilibrium value, as indicated in Fig. 
2A; the ferrofluid was stirred to hasten return to the final 
equilibrium value of —1.70 em of HO, indicating a drift of 
only 0.15 ecm of H.O in 47 hr. Fig. 2A also shows the force 
(grams) and corresponding pressure (cm of H.O) induced by 
the magnetic field acting on the ferrofluid as a function of 
time. There was an immediate increase in the magnetic pres- 
sure, followed by a period of rapid increase lasting about 30 
min, followed by a slow increase over many hours 

The initial reduction in COP, as well as the subsequent 
values, were dependent upon the proximity of the pole of the 
magnet to the suspension. The smaller the gap, the greater the 
magnetic pressure and the greater the reduction in the initial 
COP. The initial reduction in COP was plotted for several 
experiments as a function of the magnetically induced pressure 
of the ferrite particles migrating toward the membrane (Fig. 3, 
upper-right quadrant). The equivalent line for COP and 
magnetic pressure (both expressed as cm of HO) is drawn for 
comparison. The data for the initial reduction in COP fall very 
nearly on the equivalent line. Also plotted in Fig. 3 (upper- 
right quadrant) is the net reduction in COP at 0.5 hr against 
the magnetic pressure. 


Magnet above 


In Fig. 2B is plotted the COP before, during, and after the 
magnet was placed above the ferrofluid. There was an im- 
mediate increase in the COP from a value of —1.1 em of H,O 
before placement of the magnet to —4.25 cm of H,O, and a 
further increase to —5.45 cm of H,O after 2 hr, there was no 
further increase for another 2 hr. When the magnet was re- 
moved the COP snapped back to nearly the initial value 
(without the magnet). All points from Fig. 2B are replotted in 
Fig. 3 (lower-left quadrant). With the magnet above the 
suspension and drawing the magnetic particles away from the 
membrane and toward the free surface, all points fell on the 
equivalent line. The plot of the enhancement of colloidal 
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osmotic pressure versus induced magnetic pressure was no 
longer time-dependent. 


DISCUSSION 


The experiments on the colloidal osmotic pressure of a suspen- 
sion of magnetic particles demonstrate that (i) the role of the 
colloidal particles was to exert a pressure of the solvating 
water to change the pressure of the water and (ii) it was the 
pressure of the water that determined the osmotic behavior of 
the colloidal suspension. It makes no difference (a) whether 
the pressure was transmitted to the water by the random 
Brownian motion of the colloidal particles exerting a pressure 
at the free surface of the suspension, as when equilibrium 
osmotic pressures were observed, or (6) whether the pressure 
exerted by the colloidal particles was transmitted to the water 
by viscous shear. Viscous shear transmitted pressure to the 
water when the particles were forced by a magnetic field to 
migrate toward or away from the membrane or when the 
particles were dispersing toward or away from the membrane 
by diffusion after removal of the magnet. 

An explanation of osmosis found in current textbooks in 
physiology (5, 6) is invalidated by these experiments. It 
suggests that the presence of the solute or colloidal particles 
lowers the concentration of the water at the membrane that 
results in the diffusion of water from the region of higher water 
concentration beyond the membrane to the region of lower 
water concentration on the solution side of the membrane. 
The fact that when the colloidal particles are forced to migrate 
toward the membrane generates a strongly negative COP, 
followed by an equilibrium osmotic pressure that approaches 
zero (or, if more than zero, then less positive than without the 
magnetic force) cannot be explained by supposed effects on the 
concentration of water at the membrane. 

We conclude that the equilibrium effect of colloidal particles 
is a positive pressure exerted on all boundaries retaining the 
particles, first proposed by Van’t Hoff for solutions as the 
bombardment pressure (7). The secondary effect is the re- 
sponse of the water to this colloidal particle pressure, that is, a 
negative hydrostatic pressure (with respect to the suspension’s 
ambient pressure) in the water of the suspension, an effect that 
was first fully developed by Hulett (8) as a basis for explaining 
the lowering of vapor pressure and osmosis. A similar view was 
accepted by Herzfeld (9), Mysels (10), and Duclaux (11), and 
by Scholander et al. (12) as a basis for osmosis. This secondary 
effect was first demonstrated experimentally by Scholander 
and Perez (2). The effects of lowering the chemical potential of 
water on the colligative properties (osmotic pressure, vapor 
pressure, and melting point) in a solution at ambient pressure 
are entirely due to the lowering of the internal hydrostatic 
pressure in the water below ambient pressure. For example, the 
molecules of 1 mol of an ideal microsolute, which does not 
dissociate when dissolved in 1 liter of water at 0°, would 
disperse throughout the volume and would exert a pressure of 
+22.4 atm on all boundaries, including the free surface of the 
solution in an open container, and on the boundaries with all 
inclusions within the solution such as ice crystals or bubbles. 
As there are strong forces between the molecules of water, the 
pressure of the solute molecules against all surfaces develops a 
tension in the water, i.e., an internal hydrostatic pressure of 
— 22.4 atm in the water on the solution. The net pressure on 
any inclusion would be 0, or the same as the ambient pressure. 
The vapor pressure of the 1 molal solution would be lowered 
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Fic. 2. (A) Colloidal osmotic pressure (COP) and magnetic force induced by the magnetc field (gm) as a function of time after raising 
and lowering magnet from below osmometer. The magnetic force is also expressed as the corresponding magnetic pressure in cm of H,O. 
S indicates COP after ferrofluid is stirred in osmometer. (B) COP and magnetic pressure as a function of time before and after lowering mag- 
net from above the osmometer and then raising it again. 


by exactly the same amount as the lowering caused by a ten- melting point of a solution is also a consequence of the tension 
sion of 22.4 atm in pure water at 0°, and for exactly the same in the water of the solution. Hydrostatic tension in the water 
reason, i.e., the water in the solution is under a tension of 22.4 lowers its vapor pressure, whereas the vapor pressure of 


atm, a view first proposed by Hulett (8). Lowering of the ice is not lowered since the net pressure at its boundary 
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is ambient pressure, as for all inclusions. Thus, the tempera- 
ture at which the vapor pressures of the water and ice are 
equal is lowered by the tension in the water. 

The results shown in Fig. 2A, after removal of the magnet, 
and in Fig. 2B demonstrate that one sufficient condition for a 
COP is the dispersal of particles away from the membrane. 
By their viscous shear these dispersing particles transmitted 
to the solvating water a negative hydrostatic pressure, which 
was the transient portion of the COP. Fig. 2A also shows that 
pulling the particles away from the free surface reduced the 
pressure exerted by the particles against the free surface and, 
thereby, reduced the COP toward zero. The magnetic force on 
the particles also caused them to migrate toward the mem- 
brane, transmitting by viscous shear hydrostatic pressure to 
the solvating water that could yield, if sufficient, a COP that 
was negative. For strong magnetic forces, the COP remained 
negative so long as the particles migrated toward the mem- 
brane. In time, the particles distributed themselves in the 
magnetic field in accordance with the Boltzman distribution, 
i.e., highest concentration at the membrane and lowest 
concentration at the free surface and no net migration. As the 
magnetic field gradient increased, the initial migration of the 
particles toward the membrane increased and the initial nega- 
tive COP decreased without limit, but the equilibrium COP 
only decreased toward zero as the equilibrium distribution of 
particles left fewer and fewer particles at the free surface. 
The overshooting and undershooting of the COP about its 
equilibrium value in Fig. 2A also illustrates that the pull on 
the magnetic particles by the magnet could cause the particles 
to migrate toward the membrane at a higher rate than was the 
rate of migration away from the membrane by thermal 
dispersal when the magnet was removed. 

Only the qualitative features of the curves in Fig. 2A and 
B were subject to analysis. The unknown distribution of the 
magnetic particle size and dipole moment in the ferrofluid and 
assymetries in the heterogenous magnet field used in these 
experiments prevented a quantitative analysis of the curves. 
However, an important quantitative feature revealed by Fig. 
3 is that when all of the magnetic particles were exerting a 
pressure on the solvating water, there was an exact equivalence 
between the COP and the induced magnetic pressure mea- 
sured by the transducer. This effect always occurred when the 
magnet was above. When the magnet was below the colloidal 
suspension, the only time when all the magnetic particles were 
exerting a pressure on the water was before any of the migrat- 
ing particles had arrived at the membrane. When the magnet 
was above the colloidal suspension and pulling the colloidal 
particles toward the free surface and away from the mem- 
brane, then the magnetic particles were always exerting a 
pressure on the solvating water, either by viscous shear as they 
were migrating toward the free surface or by pressure applied 
to the free surface as they were reflected from the free surface. 
Since the particles were either migrating toward the surface 
or exerting their pressure at the surface, the equivalence of the 
enhanced COP and the magnetic pressure demonstrates that 
the pressure in the water caused by the viscous shear of the 
migrating particles was indistinguishable from the pressure in 
the water caused by the equilibrium pressure of the particles 
against the free surface. 

When the magnet was below the suspension and pulling the 
particles toward the membrane, there was an approximate 
proportionality between the colloidal osmotic pressure and the 
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induced magnetic pressure when they were measured at a fixed 
interval after application of the magnetic field, e.g., at 30 min 
in Fig. 3. The proportionality constant diminished with time 
from the initial value, rapidly at first and then more slowly as 
more and more particles arrived at the membrane and could 
exert no further influence on the water. 

Even the monomers and polymers of pure water must be 
exerting a pressure against all boundaries, causing the binding 
forces between these moieties to be under tension. If all the 
water were monomeric, the maximum internal tension would 
be 55.5 X 22.4 = 1243 atm at 0°, well under the tensile 
strength of water, which has been estimated at some 2000 
atm (13). At temperatures between 0 and 25°, the majority of 
the water molecules are considered to be combined in clusters 
of various sizes (14). However, the molecules of water in a 
cluster may be so loosely joined that they exhibit their own 
Brownian motion. At the free surface of the water they would 
then exert a pressure against the surface as if they were 
monomers. If this model is correct, then the internal hydro- 
static tension of pure water would be approximately RT/V°,,, 
where the partial molar volume V°, is not a function of 
temperature. 


CONCLUSIONS 


The primary effect of the colloidal particles in a water suspen- 
sion is the outward pressure they exert against all boundaries. 
The colligative properties are the consequences of the negative 
hydrostatic pressure generated in the solvating water. As 
Perrin (15) recognized in his studies on the molecular basis of 
Brownian motion, the effects on the solvent in a solution of 
microsolutes must be the same as for a colloidal suspension. 
Thus, we can generalize from our experiments on the colloidal 
suspensions that (i) microsolutes also exert a pressure on all 
boundaries of the solution, (ii) the solvating water opposes 
this pressure by a negative hydrostatic pressure within the 
water, a tension made possible by the strong binding forces 
between molecules of water, and (777) the colligative properties 
of the solution are a direct consequence of the hydrostatic 
tension in the water of the solution. 
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ABSTRACT Ultraviolet (UV)-stimulated nonconserva- 
tive DNA synthesis has been observed in E. coli rendered 
permeable to nucleoside triphosphates by exposure to 
toluene. This synthesis is detected in toluenized cells in 
which the background of UV-independent DNA synthesis 
is reduced by use of dnaB mutants temperature-sensitive 
for DNA replication and additionally deficient in DNA 
polymerase I. UV-stimulated nonconservative synthesis is 
also seen in polA dnaE mutants that are deficient in two 
of the three known DNA polymerases. The observed UV- 
stimulated repair-like synthesis requires the presence of 
the four deoxyribonucleoside triphosphates and ATP. 
This mode of synthesis appears to differ from the ATP- 
independent nonconservative DNA synthesis previously 
reported to occur in toluenized bacteria. 





Recent attempts to elucidate the mechanism of DNA re- 
plication in bacteria have demonstrated both repair-like and 
replicative-like DNA synthesis in cells made permeable to 
nucleoside triphosphates and other small molecules by expo- 
sure to toluene (1). The semiconservative, ATP-dependent, 
replicative DNA synthesis observed in toluenized bacteria 
resembles in vivo DNA replication in many respects (1-4). 
The modes of DNA synthesis that occur in toluenized bacteria 
in the absence of ATP have received less attention. This re- 
pair-like synthesis is most readily observed in strains with 
normal levels of DNA polymerase I, and it can be enhanced 
by treatment with DNase during toluenization (1). Although 
it was suggested that this nonconservative synthesis might 
be similar to the repair resynthesis observed as a consequence 
of ultraviolet (UV) damage to DNA (1), no study of DNA 
synthesis in toluenized bacteria after UV irradiation has yet 
been reported. 

In spite of the apparent involvement of DNA polymerase 
I in the ATP-independent DNA synthesis in permeabilized 
cells, doubts remain as to whether this polymerase is respon- 
sible for observably large amounts of repair resynthesis in 
vivo. In vivo studies (5, 6) have suggested that DNA poly- 
merase I performs only a limited amount of resynthesis in 
the excision-repair of UV-induced dimers, and that it produces 
repair patches consisting of only a few ($30) nucleotides 
(5). The recA recB gene products appear to be involved in a 
pathway of excision-repair in which longer patches are pro- 
duced (6). In view of the uncertainties surrounding the exact 
mechanisms of excision-repair resynthesis, the question of 
whether toluenized bacteria can perform repair resynthesis 
of UV damage appears to be significant. Moreover, such a 
quasi-in vitro system offers a potentially powerful tool for 
investigating the enzymatic basis of excision-repair. 


We report here a study of DNA synthesis in toluenized 
mutants of Escherichia coli that have suffered UV damage. 
Our experiments have revealed that UV-stimulated DNA 
synthesis can be observed in toluenized E. coli if special con- 
ditions are imposed to eliminate the high background of non- 
conservative DNA synthesis that occurs even in unirradiated 
cells. The observed UV-stimulated DNA synthesis, which 
is most easily detected in strains that are polA and temper- 
ature sensitive for DNA replication, shows a strong depen- 
dence upon the presence of ATP. We have also observed 
UV-stimulated repair-like synthesis in a strain that is de- 
ficient in both DNA polymerases I and III. Our results sug- 
gest that enzymes other than DNA polymerase | are active 
in UV-stimulated repair-like synthesis in toluenized bacteria 
and that such enzymes may be part of the alternate excision- 


repair resynthesis system thought to operate in vivo (6). 


MATERIALS AND METHODS 


The following strains of E. coli were used: D110: polAl end 
thy (1); TG149: dnaB thy his leu thr thi, a derivative of CR34 
43 (7); CRT 266: F- thr leu met thy tonA dnaB (8); BT 
1026: polAl end thy dnaE (9); and TG169 a Thy~, Thi* 
derivative of CRT 2667 (F- his thi malA polAl dnaB 
Str™) (2). Cultures were routinely diluted from overnight 
cultures and incubated with shaking at 37° (33° for temper- 
ature-sensitive strains) in M-9 medium (10) with glucose as 
carbon source. Required amino acids were supplied at 20 
ug/ml. Thiamine (when required) and thymine were added 
at 2 ug/ml. Casamino acids were provided at 0.2%. Cultures 
of BT 1026 were supplemented with arginine at 20 ug/ml 
and thymine at 4 ug/ml in addition to 0.2% casamino acids. 
In experiments where a prior labeling step was required, 
('4C ]thymine was added at 6 nCi/ml for 2-3 generations. 
Before irradiation, exponentially growing cultures at a 
density of 2 to 3 X 108 cells per ml were harvested by centrif- 
ugation and resuspended in one-third of the original volume 
of M-9 medium without glucose or other additives. 30-ml 
portions were irradiated in 14-cm diameter petri dishes by 
exposure to a Phillips low-pressure germicidal lamp (incident 
dose rate 9.3 ergs per mm? per sec). All steps after irradiation 
were performed either in the dark or in yellow light. 
Toluenization was performed essentially as described by 
Moses and Richardson (1). Bacteria were concentrated 50- 
fold from the original density in 0.05 M potassium phosphate 
buffer (pH 7.4), into which 1% toluene (Baker, spectropheto- 
metric grade) had been “‘dissolved”’ by sonication. The cells 
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Fig. 1. Isopycnic analysis of DNA froma culture of toluenized 
strain D110. A culture uniformly labeled with [!*C]thymine was 
divided and half was exposed to 500 ergs/mm?. The irradiated 
cells (lower) along with an unirradiated control (upper) were 
toluenized and incubated in assay mix containing BrdUTP and 
(SH]dATP. Triangles, (!*C]thymine; circles, [7H|dATP. 


were shaken in toluenized buffer at 37° (33° for temperature- 
sensitive strains) for 1-10 min, dependimg on the strain. The 
duration of exposure to toluene was chosen to maximize the 
ATP-dependent synthesis for each strain. After tolueniza- 
tion the cells were diluted 1:4.6 in warmed assay mix con- 
sisting of a final concentration of 0.07 M potassium phosphate 
buffer (pH 7.4), 12 mM MgCh, 0.13 mM NAD, and 35 uM 
(each) dATP, dCTP, dGTP, and dTTP. When present, ATP 
was 1.2 mM. Deoxyribonucleoside triphosphates, ATP, and 
NAD were purchased from Calbiochem or Schwartz/Mann. 
Radioactive labeling was done with [*H|]dTTP or [*H]dATP 
(Schwartz/Mann) at 20 uM and 20-30 »Ci/ml. For density 
labeling, bromodeoxyuridine triphosphate (BrdUTP) was 
prepared from dUTP as described by Chamberlin et al. (11). 

Reactions in the toluenized cells were terminated by the 
addition of ice-cold 5% Cl,;CCOOH-0.1 M PP; or, when den- 
sity analysis was required, by the addition of ice-cold NET 
buffer [0.1 M NaCl-0.01 M EDTA-0.01 M Tris-HCl (pH 
8.0) |. Lysis and isopyenic gradient analysis were performed 
essentially as described by Hanawalt and Cooper (12), except 
that the Pronase-Sarkosy] treatment was continued for 2 hr. 

Alkaline sucrose-gradient analysis was by a modification 
of the method described by Kato and Kondo (13). To linear 
gradients of 5-20% sucrose in 0.2 M NaOH-0.8 M NaCl-5 
mM EDTA a 0.1-ml top layer of 0.6 M NaOH-0.01 M ED- 
TA-1% Sarkosyl was added. 10 ul of a suspension of 2 to 3 
X 10° cells per ml of bacteria was gently stirred into the top 
layer and allowed to incubate at 22° for 45 min. Gradients 
were spun at 30,000 rpm in a Spinco SW50.1 rotor at 20° 
for 80 min. 

Radioactively labeled DNA was routinely precipitated 
with 5% Cl;CCOOH-0.1 M PP; and filtered onto glass-fiber 
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filters (Reeve—Angel) or Millipore filters (HAWP) that had 
been soaked in 0.2 M sodium pyrophosphate. Filters were then 
washed twice with 5% Cl;CCOOH-0.1 M PPi, twice with dis- 
tilled water, dried, and counted in toluene-based scintillation 
fluid containing PPO and POPOP (12). 


RESULTS 


Before we studied DNA synthesis in toluenized, UV-irradiated 
bacteria, we examined the characteristics of DNA synthesis 
in permeabilized unirradiated cells for each strain. DNA 
synthesis, as measured by incorporation of [*H]dTTP or 
(7H]JdATP into acid-precipitable material, was linear with 
time for 45-60 min. After this time, synthesis gradually leveled 
off. The length of exposure to toluene was chosen for each 
strain so as to maximize the amount of ATP-dependent syn- 
thesis relative to the amount of ATP-independent synthesis. 
In agreement with earlier reports (1), CsCl gradient analysis 
revealed that semiconservative synthesis in toluenized E. coli 
is virtually totally dependent upon the presence of ATP, 
and that semiconservative synthesis is diminished in prepara- 
tions overexposed to toluene. Based on the amount of label 
carried into the hybrid density position during subsequent 
isopyenic analysis, less than 5% of the parental DNA in a 
toluenized culture is replicated during 60 min under our opti- 
mal conditions. 

When BrdUTP is provided in place of TTP as a substrate 
for DNA synthesis in toluenized cells, repair replication should 
be evidenced by the synthesis of relatively short stretches 
of DNA that appear at normal (parental) density in an iso- 
pyenic gradient; this result should be distinguishable from 
replicative synthesis, which yields DNA of hybrid density. 
The result of an examination of the effect of UV on DNA rep- 
lication in toluenized cells of D110 (polAl end~) is shown 
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Fig. 2. Isopyenic analysis of DNA from strain TG169. A cul- 
ture uniformly labeled with [!*C]thymine was divided, irradiated, 
and toluenized along with unirradiated controls. The cells were 
incubated in assay mix containing [*H]dATP and BrdUTP at 
permissive and restrictive temperatures in the presence or absence 
of ATP. Triangles, [*C]thymine; circles, [{H])dATP. 
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in Fig. 1. A culture growing exponentially in the presence 
of ['*C thymine was harvested and resuspended in M-9 me- 
dium minus glucose and other additives. Half of the culture 
was exposed to 500 ergs/mm? of UV radiation. The cells were 
pelleted, toluenized for 2.5 min at 37°, and incubated 
for 50 min at 37° in assay mix containing [*H]dATP and 
BrdUTP in place of dTTP. The reaction was stopped and 
the cells were harvested and lysed; their DNA was examined 
by CsCl isopyenic gradient analysis. The '*C label marks the 
position of DNA of normal density, and serves as an indica- 
tion of the relative amount of DNA in each gradient. Al- 
though a dramatic decrease in the amount of semiconserva- 
tive DNA synthesis in the UV-treated cells relative to the 
unirradiated control is apparent, no increase in newly re- 
plicated normal density DNA, characteristic of repair re- 
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Fig. 3. Isopyenic analysis of DNA from strain BT 1026. A 
culture labeled uniformly with ['*C]thymine was divided and a 
portion was irradiated with 500 ergs/mm?. The cells were toluen- 
ized and incubated in assay mixture with BrdUTP and [*H]dATP 
under the conditions indicated. Triangles, [**C]thymine; circles, 
(H)dATP. 
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Fig. 4. DNAsynthesis in toluenized strain TG169. An exponen- 
tially growing culture was harvested and divided; a portion was 
irradiated with 500 ergs/mm:?. The cells were toluenized and added 
to assay mix plus ATP; 0.1-ml portions were withdrawn and pre- 
cipitated with Cl,CCCOOH-PP; at the times indicated. Upper 
frame: Unirradiated cells incubated at 33° (permissive tempera- 
ture) in the presence of 20 wM [*H]dATP (7.5 wCi/ml). Lower 
frame: Unirradiated cells (squares) and irradiated cells (circles), 
both incubated at 44° in assay mix containing 20 ~M [*H)dATP 
(39 wCi/ml). 


synthesis, can be seen. It appears from this result that any 
study of UV-stimulated repair-like synthesis in toluenized 
bacteria will be hampered by the significant amount of newly 
synthesized DNA of normal density found in unirradiated 
cells undergoing semiconservative replication. In order to 
eliminate contributions from semiconservative synthesis 
to the “background” of DNA banding at normal density, 
several approaches were tried that might inhibit replicative 
synthesis while allowing repair resynthesis to continue. The 
most obvious scheme, that of removing ATP from the assay 
mix, eliminated semiconservative synthesis almost completely, 
but it also prevented UV-stimulated repair-like resynthesis, 
as discussed below. The method finally chosen was that of 


FRACTION NUMBER 

Fic. 5. Comparison of toluenized and untreated cells of strain 
D110 in an alkaline sucrose gradient. A culture of D110 was 
divided and uniformly labeled with [*H] thymine (circles) or [**C]- 
thymine (triangles). The '*C-labeled cells were resuspended in 
phosphate buffer and the *H-labeled cells were toluenized for 10 
min and incubated in assay mix minus 4dNTPs for 10 min. 
Equal amounts of each preparation were mixed on top of an alka- 
line sucrose gradient, gently lysed, and centrifuged. 
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using temperature-sensitive DNA mutants that are able to 
perform repair resynthesis but not DNA replication at the 
restrictive temperature (14). 

In Fig. 2 we show the results of an experiment performed 
upon strain TG169 (polA1 dnaB), which is temperature 
sensitive for DNA replication. An exponentially growing 
culture was harvested by centrifugation and resuspended 
in M-9 medium without additives. Portions were exposed 
to 500 ergs/mm?, 200 ergs/mm?, or no UV. The cells were 
pelleted, and each portion was toluenized separately for 2 
min at 37°. The toluenized cells were diluted in warmed assay 
mixtures containing [7H|]dATP and BrdUTP, and were in- 
cubated for 60 min at the indicated temperature in the pres- 
ence or absence of ATP. As seen in Fig. 2A, most of the 
synthesis in the unirradiated control at the permissive tem- 
perature is semiconservative. In the absence of ATP (Fig. 
2B) essentially all semiconservative synthesis is eliminated, 
although a small amount of repair-like synthesis persists. 
At 44°, a restrictive temperature for this strain, no semi- 
conservative synthesis occurs in the unirradiated control 
(Fig. 2C), although the nonconservative synthesis is about 
equal to that seen in absence of ATP at the permissive tem- 
perature. A UV dose of 200 ergs/mm? enhances the amount 
of nonconservative synthesis seen at the restrictive temper- 
ature (Fig. 2D), and this UV-stimulated synthesis is increased 
by a factor of about 2.5 in cells that have been exposed to 500 
ergs/mm? (Fig. 2E). Removal of ATP from the incubation 
mixture prevented any UV-stimulated synthesis above the 
background seen in the unirradiated control (Fig. 2F). These 
results show that UV-stimulated repair-like synthesis is de- 
tectable in toluenized bacteria lacking DNA polymerase I, 
and that this synthesis is totally dependent upon the pres- 
ence of ATP. 

Fig. 3 shows results from an experiment similar to that 
seen in Fig. 2, except that strain BT 1026 (polA1 end dnaE) 
was used. At the restrictive temperature this strain lacks 
normal levels of both polymerase I and polymerase III (9). 
Again, cells toluenized for one min at 32° and incubated in 
assay mix at the restrictive temperature for 45 min show a 
distinct enhancement of nonconservative DNA synthesis 
after UV irradiation. The UV-stimulated synthesis appears 
to be totally dependent upon ATP. A control (not shown) 
in which irradiated toluenized cells were incubated in assay 
mix complete (including ATP) except for dCTP and dGTP 
showed no DNA synthesis at all. Strain BT 1026 appears to 
be more sensitive to toluenization than others used in this 
experiment. Even with short (1 min or less) exposure to tolu- 
ene, the amount of semiconservative DNA synthesis seen 
at the permissive temperature is much less than that seen 
with strain TG169 under similar conditions. When using 
strain BT 1026, we have also had difficulty reproducing the 
approximately linear relationship between UV dose and 
amount of nonconservative DNA synthesis seen with strain 
TG169. 

In Fig. 4 is shown the incorporation of [SH]dATP into 
acid-precipitable material as a function of time for toluenized 
preparations of strain TG169 irradiated with 500 ergs/mm? 
and incubated at the restrictive temperature along with an 
unirradiated control (lower frame). A portion of the unir- 
radiated control was also incubated at the permissive tem- 
perature in assay mix containing [7H|]dATP at 20% of the 
specific activity used in the 44° experiment (upper frame). 
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Although synthesis in the permissive temperature control 
remains linear for about 45 min, all UV-stimulated synthesis 
has ceased within 15 min after toluenization. The short dura- 
tion of UV-stimulated synthesis, which presumably limits 
the total incorporation of labeled precursors seen in isopyenic 
gradient experiments, may reflect gradual diffusion of un- 
known cofactors that may be required for repair resynthesis, 
a phenomenon that might be more serious at the higher (re- 
strictive) temperatures used here. This result might also 
obtain if toluenized bacteria are unable to perform the inci- 
sion or excision steps that must precede resynthesis in the 
repair process. 

Experiments similar to those shown in Figs. 2 and 3 were 
performed upon strains TG149 and CRT266, both of which 
are Pol I+ and dnaB. Although the levels of nonconservative 
DNA synthesis seen in the unirradiated controls were gen- 
erally 2- to 5-fold higher in these strains than in polA/ strains, 
no significant stimulation of nonconservative synthesis was 
detected after irradiation. Assuming that the lower levels 
of polymerase I limit the amount of repair, our result sug- 
gests that residual DNA polymerase I activity is not respon- 
sible for the UV-stimulated synthesis observed in polA/ 
strains. 

In order to test the hypothesis that the ATP-independent 
nonconservative DNA synthesis reported by other workers 
(1-4) using Pol I* strains represents repair of damage to DNA 
introduced by toluenization, perhaps as a result of release 
of periplasmic enzymes into the cytoplasm, we compared 
the molecular weights of DNA from toluenized bacteria and 
an untreated control. A culture of D110 was split and equal 
portions were grown exponentially in the presence of [*H]- 
thymine or [!*C]thymine, respectively, for several genera- 
tions. The cells were harvested, and the '*C-labeled culture 
was resuspended in phosphate buffer. The *H-labeled culture 
was resuspended in phosphate buffer containing 1% toluene, 
shaken at 37° for 10 min, and then incubated for 10 min at 
37° in assay mix that was complete (including ATP) except 
for the 4 dNTPs. Equal amounts of each preparation were 
layered upon an alkaline sucrose gradient, gently lysed, and 
centrifuged as described in Methods. The resultant distribution 
of acid-precipitable material, shown in Fig. 5, indicates no sig- 
nificant difference in molecular weight between the DNA of 
toluenized and untreated cultures. 


DISCUSSION 


We have shown that nonconservative DNA synthesis in 
toluenized E. coli can be stimulated by irradiation of the 
bacteria: with ultraviolet light. This synthesis differs from 
the repair-like synthesis reported by Moses and Richardson 
(1) in that it is readily observed in polA strains and shows 
an almost complete dependence upon ATP. The UV-stim- 
ulated synthesis persists for a shorter period of time after 
toluenization than either replicative synthesis or ATP-in- 
dependent nonconservative synthesis. 

The short duration of UV-stimulated synthesis in toluenized 
bacteria is not surprising. The in vivo excision repair process 
is known to be complex, involving recognition of an imper- 
fection, incision, excision of the defect, resynthesis of the 
excised region with the complementary DNA strand as a 
template, and, finally, rejoining to the contiguous parental 
strand by ligase action (15). If any step before resynthesis 
is blocked in toluenized bacteria, the repair-like synthesis 
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observed will be limited by the amount of excision completed 
before toluenization. Another possibility is that the repair- 
resynthesis complex may require cofactors not provided in 
an assay mixture that maximizes semiconservative replica- 


tion. 

We have thus far detected only insignificant amounts of 
UV-stimulated synthesis in toluenized strains with normal 
polymerase I levels. Frequently a higher background of UV- 
independent nonconservative synthesis occurs in Pol I* 
strains than in their Pol I~ derivatives. This background is 
presumably the same ATP-independent repair-like synthesis 
reported by Moses and Richardson (1). The origin of this 
synthesis remains obscure. Since the number of single-strand 
breaks put into DNA during toluenization is so small as to 
be insignificantly different from that in untreated cells, it 
does not seem that the damage caused by toluenization should 
saturate the resources of the repair system. Therefore, it might 
be expected that the usual amount of UV-stimulated DNA 
synthesis would be superimposed upon the higher background 
in Pol I* strains. However, when viewed within the frame- 
work of earlier in vivo studies of repair resynthesis (5, 6), our 
difficulty in detecting UV-stimulation of repair-like synthesis 
in Pol I* strains is less surprising. Excision of UV-induced 
dimers produces gaps in the DNA that could act as primers 
for polymerase I or could invite degradation by nucleases. 
Polymerizing enzymes could then use the exposed single- 
strand regions as templates for resynthesis of relatively long 
repair patches. The short duration of the observed synthesis 
presumably limits the repaired regions to lengths that are 
not sufficient to significantly increase the buoyant density 
of the DNA. With competition of pol I for excision sites re- 
duced in polA mutants, such extensive repair-like synthesis 
might well be more abundant in polA strains. The observa- 
tion of greater amounts of repair resynthesis in vivo in polA 
mutants (5) favors such an explanation. Since this type of 
extensive repair resynthesis does not occur in vivo in recA 
recB strains (6), the recB nuclease, known to be ATP-depen- 
dent (16), may be involved in the ATP-dependent UV-stim- 
ulated synthesis we observe in toluenized E£. colt. 

The observation of UV-stimulated synthesis in a strain 
that is deficient in DNA polymerases I and III at the restric- 
tive temperatures used in these experiments reemphasizes 
the question of which DNA polymerizing enzyme is respon- 
sible for this type of synthesis. Residual pol III activity un- 
doubtedly persists in strain BT 1026 at the restrictive tem- 
perature (9), and this residual activity might suffice to per- 
form the small amount of UV-stimulated synthesis we de- 
tect with this strain. Since no physiological function has been 
reported for pol II (17), we must, at present, remain open 
minded about its possible involvement in repair resynthesis. 
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Also, we can not dismiss the possibility that a fourth DNA 
polymerase may exist. 

The class of DNA synthesis we report here resembles in 
vivo repair resynthesis in that it is nonconservative, UV- 
stimulated, and persists at the restrictive temperature in 
mutants temperature-sensitive for DNA replication. The 
resemblance to in vivo studies that show greater amounts 
of repair resynthesis in polA strains has already been dis- 
cussed. Actual completion of the repair process in toluenized 
polA mutants of E. coli is likely to be difficult to demonstrate 
because of the short duration of repair-like synthesis and be- 
cause even unirradiated toluenized cells are nonviable (1). A 
recent report (18) has presented indirect evidence for repair 
of y-ray damage in toluenized Bacillus subtilis. The experi- 
ments we report here constitute the first direct measurement 
of UV-stimulated DNA synthesis in permeabilized E£. coli, 
and show that this synthesis is AT P-dependent. 
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ABSTRACT Biosynthesis of photosystem I chlorophyll- 
protein complex, derived from chloroplast lamellae solu- 
bilized with Triton X-100, was examined in rapidly green- 
ing primary leaves of the jack bean. It was found that the 
chlorophyll/P700 ratio of the complex was low (35/1) in the 
early stages of greening, and increased steadily to a stable 
level (75/1) during continued chloroplast development. 
It is suggested from these results that in the initial stages 
of greening, and probably throughout synthesis, the P700- 
chlorophyll-protein molecules are first inserted into the 
developing lamellae, and those photosystem I chlorophyll- 
protein molecules functioning solely in a light-harvesting 
capacity are added subsequently. 





Information about the time course of biosynthesis of the 
photochemical apparatus of plants has been derived from 
examination of the activities of photosystems I and II during 
greening of dark-grown tissues (see refs. 1-3). Several investi- 
gators (4-11) have reported that photosystem I activity 
appears before that of photosystem II, while we (12) have 
observed the reverse order of biosynthesis in leaves greened 
under high relative humidity conditions and showing no lag 
in chlorophyll accumulation. The differences in results are 
most probably a reflection of environmental conditions dur- 
ing greening, rather than of species differences. It has been 
shown (13, 14) that low relative humidity conditions result 
in sufficient water stress to greening leaves to cause a lag in 
chlorophyll accumulation during the early stages of chloro- 
plast development (see ref. 12). Under greening conditions 
with high relative humidity, however, the lag in chlorophyll 
accumulation is eliminated and there is rapid and uniform 
chloroplast development (12, 14, 15). In etiolated tissues 
greening under high relative humidity conditions, photo- 
system II becomes functional before photosystem I. Thus, 
it appears that assembly processes for photosystem II are 
more responsive to water stress than are those for photo- 
system I (16). 

Further, our work (12) supports the generally accepted 
view (13, 17-20) that a step-wise, rather than a simultaneous, 
synthesis of the components of the thylakoid membranes 
occurs. We (12) detected the first signs of photosystem II 
activity after 2 hr of greening of etiolated jack bean leaves, 
while photosystem I activity was first observed 4 hr later. 

With respect to the photosystem I activity, a correlation 
was observed between the appearance of a photo-oxidizable 
P700 molecule (the photochemical reaction center of photo- 
system I) and that of the photosystem I chlorophyll—protein 
complex (21) after 6 hr of greening. In fully green tissues the 


heart of the photosystem I unit is composed of 6-8 of these 
chlorophyll-protein molecules, each having a molecular 
weight of 100,000 and each containing about 12 molecules 
of chlorophyll a (21-25). One of the 6-8 chlorophyll-protein 
molecules contains the P700 assembly, but in all other re- 
spects it is identical to the other chlorophyll—protein molecules 
(22, 23). The function of these latter molecules is to feed 
absorbed light energy to the P700-containing entity, the 
site of the primary photochemical event. 

As an extension of our previous investigations, we have 
studied the assembly of the P700-containing molecules and 
the light-harvesting molecules into functional photosystem 
I units. This has been done by examination of the composi- 
tion of the photosystem I chlorophyll—protein complex iso- 
lated from leaves at different stages of greening, i.e., after 
6 hr or more of illumination of etiolated leaves. In this manner 
it has been possible to determine whether the P700-containing 
chlorophyll-protein molecule is synthesized initially followed 
by addition of chlorophyll-protein molecules devoid of P700, 
or whether the 6-8 chlorophyll—protein molecules without 
P700 are assembled first and only later is the P700 inserted. 
The working hypothesis was that a preponderance of P700- 
containing chlorophyll-protein molecules should be present 
in preparations of the complex from leaves at early stages 
of photosystem I development, if the first alternative was 
correct. This would be reflected in a low chlorophyll/P700 
ratio that would increase after further greening. If the second 
alternative was correct, however, the composition of the 
chlorophyll-protein preparation should be constant at all 
stages of greening after initiation of P700 synthesis. The 
results obtained support the view that the first alternative 
is correct. 


MATERIALS AND METHODS 


Plant Material. Jack beans [Canavalia ensiformis (L.) DC.] 
were germinated and grown for 7 days in total darkness at 
28° with 80-85% relative humidity as described (12). On 
the seventh day, the etiolated seedlings were illuminated 
with incandescent light (General Electric 150-W cool beam 
flood lamps) at 750-1000 ft-ced. 


Preparation of Triton Lamellar Extracts. Primary leaves 
were harvested at specific times during greening and chloro- 
plast lamellar extracts were prepared. The leaves were homog- 
enized in a Waring Blendor in 0.50 M sucrose-50 mM Tris- 
HCl (pH 8.0), and the brei was filtered through cheesecloth. 
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The cellular debris was removed by centrifugation at 10,000 
xX g for 1 min and a chloroplast lamellar pellet was collected 
from the supernatant by centrifugation at 20,000 x g for 
10 min. The lamellar pellet was washed twice with 50 mM 
Tris-HCl (pH 8.0) to remove most of the soluble proteins; 
a Kontes glass homogenizer was used to suspend the lamellae 
in buffer, and the centrifugation was at 40,000 x g for 10 
min. The final pellet was homogenized with a sufficient volume 
of 1% Triton X-100 in 50 mM Tris- HCl (pH 8.0) to yield a 
detergent/chlorophyll ratio of 75/1 (w/w). The Triton- 
solubilized lamellae were used for purification of the photo- 
system I chlorophyll-protein complex and for measurement 
of light-induced absorbance changes of P700. 


Chlorophyll Determinations. A portion of the leaf samples 
harvested for lamellar preparations was used to determine 
the rate of chlorophyll accumulation during greening. Chloro- 
phyll was measured by the procedure of Arnon (26). 


Isolation of the Photosystem I Chlorophyll—protein Complex. 
The photosystem I chlorophyll—protein complex was isolated 
by the methods of J. P. Thornber, R. 8. Alberte, M. Frick, 
and J. Shiozawa (in preparation). The Triton extract was run 
into a column of hydroxyapatite (27) equilibrated with 10 
mM sodium phosphate (pH 7.0). A large portion of the pig- 
mented material was eluted from the column with the 10 mM 
sodium phosphate buffer. The photosystem I complex was 
eluted subsequently with 0.2 M sodium phosphate (pH 7.0) 
after a brief wash of the column with 0.2 M sodium phos- 
phate-0.1% sodium dodecyl sulfate-10 mM MgCh. 


Determination of the Chlorophyll/P700 Ratio. The reversible 
light-induced absorbance changes due to P700 in Triton- 
solubilized lamellar extracts and in isolated chlorophyll 
proteins were measured on an Aminco DW-2 spectropho- 
tometer by described procedures (22). The concentration of 
P700 was estimated from the light-oxidized against reduced 
difference spectrum by use of a differential extinction co- 
efficient for P700 at 697 nm of 100 mM em~!. Also used 
was a reference wavelength of 715 nm, an isobestic point 
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Fic. 1. Time course of accumulation of chlorophyll (O O) 
and of appearance of photo-oxidizable P700 (@ @) in primary 
leaves of jack bean greening under high relative humidity condi- 
tions. P700 content is expressed as the chlorophyll/P700 ratio 
in the Triton X-100-lamellar extracts prepared from leaves after 
various periods of illumination. 
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P700 content of fractions of jack bean leaves at 
various stages of greening 


TABLE 1. 





> > — 
. Chlorophyll /P700 ratio Percentage 
Light of leaf 


chlorophyll 
in CPI* 


exposure Triton 
(hr) extract CPI* 


6 1400 35 2 
8 720 45 6 
600 48 
12 395 63 
24 400 69 
36 380 
x 430 


7 
5 





* CPI is the photosystem I chlorophyll—protein complex de- 
scribed in the text. 


in the P700 difference spectrum. Sodium ascorbate was added 
to samples to fully reduce P700 in the dark, while methyl] 
viologen was added to aid in obtaining the P700 in a fully 
oxidized state in the light. The chlorophyll concentration 
of the test sample was determined from the absorbance maxi- 
mum at 676-678 nm, with an extinction coefficient of 60 mM~! 
em~! (J. P. Thornber, R. 8S. Alberte, M. Frick, and J. Shio- 
zawa, in preparation). 

RESULTS 
Jack bean leaves greening under the described conditions 
show a rapid and uniform accumulation of chlorophyll with 
no lag in accumulation rate (Fig. 1). These results are in 
agreement with those reported (12). 

No P700 could be detected during the very early stages of 
greening in jack bean (12). Light-induced bleaching of P700 
was first detected in very low concentration (chlorophyll 
700 = 1400) in leaves receiving light for 6 hr. The chloro- 
phyll/P700 ratios in the leaf decreased during subsequent 
greening in a manner in agreement with that reported (12), 
and stabilized after about 12 hr of illumination (Fig. 1). 

Analysis of the photosystem I chlorophyll—protein complex 
isolated from leaves greened for 6 hr gave low chlorophyll 
P700 ratios (35/1). The ratio steadily increased in prepara- 
tions of the complex from leaves illuminated for longer periods 
(Table 1), and reached a steady-state level of about 75/1 
after 36 hr of greening. The same concentration of P700 was 
observed in preparations from leaves fully developed in the 
light. Table 1 includes determinations of the percentage of 
the total chlorophyll associated with the photosystem I 
chlorophyll-protein fractions at several stages of greening. 
It is clear that after 6 hr in the light, only a very small por- 
tion (2%) of the total chlorophyll present in the developing 
chloroplasts was associated with the photosystem I complex, 
and that during subsequent greening the amount of chloro- 
phyll associated with this complex increases about ten times, 
to 22%. These results are in agreement with the observations 
of Kung and Thornber (24) and unpublished data of R. 8. 
Alberte and J. P. Thornber indicating that only about 20% 
of the lamellar chlorophyll is associated with the photosystem 
I complex in higher plants. 


DISCUSSION 


An attempt has been made by us to answer a frequently 
posed question (see refs. 17, 28, 29) about one aspect of the 
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biogenesis of the photosynthetic membrane. Is the reaction 
center of a photosystem inserted into the membrane before 
or after the assembly of its associated light-harvesting chloro- 
phyll? The most likely interpretation of the increase in the 
chlorophyll/P700 ratio of the isolated photosystem I chloro- 
phyll-protein complex during greening (Table 1) in the pres- 
ent work is that the P700-containing chlorophyll—protein 
molecule is synthesized first and is later embellished with 
light-harvesting chlorophyll-protein molecules. Thus, in 
the case of photosystem I of the jack bean it appears that 
the reaction center is inserted into the membrane before the 
addition of much of the light-harvesting chlorophyll during 
chloroplast development. The only way in which our results 
could be interpreted to show that insertion of the reaction 
center is the final step in the assembly of a photosystem is 
to presume the photosystem I chlorophyll-protein complex, 
made in the early stages of greening and having a chlorophyll 
P700 ratio of 35/1, receives no further additions of light- 
harvesting chlorophyll-protein molecules during biogenesis 
of other photosynthetic units. This latter interpretation 
seems unlikely since the chlorophyll-protein molecules prob- 
ably self-assemble in vivo into a unit of uniform size of about 
6-8 molecules—the concentration of P700 in the photosystem 
I chlorophyll-protein isolated from such widely different 
sources as seed plants and blue-green algae is the same (J. 
P. Thornber, R. 8. Alberte, M. Frick, and J. Shiozawa, in 
preparation; ref. 22). Thus, it would be unlikely that synthesis 
of the complex during greening would be arrested at a smaller 
than normal size. Further support for our view on the bio- 
genesis of photosystem I chlorophyll—protein is given by 
the work of Herron and Mauzerall (30), who have suggested 
from analysis of light-saturation curves in a greening mutant 
of Chlorella that there is a progressive addition of light-har- 
vesting chlorophyll to rapidly formed reaction centers during 
greening. 

The increase in the percentage of the total chlorophyll of 
the leaf associated with the photosystem I chlorophyll—pro- 
tein during greening (Table 1) quantitates and confirms our 
earlier observation (12) that synthesis of the reaction center 
of photosystem I begins after about 6 hr of greening, and 
that during the next 30 hr the photosystem I chlorophyll- 
protein complex accounts for an increasing portion of the 
chlorophyll of the leaf; after 36 hr of greening the proportion 
of chlorophyll-protein is the same as that found in normal 
light-grown plants. These observations are precisely what 
would be expected if biosynthesis of photosystem I followed 
that of photosystem II. 

If the generally accepted Z-scheme of photosynthesis is to 
function at maximum efficiency with an equal division of 
labor between the two photosystems, it has been maintained 
(see refs. 28, 29) that there should be approximately equal 
distribution of chlorophyll between the two photosystems. 
Inasmuch as the percentage of chlorophyll associated with 
the photosystem I chlorophyll-protein complex is only about 
20% of the total, other chlorophyll molecules must be able 
to transfer light energy to P700 in vivo. It is most probable 
that these other chlorophyll molecules are localized in the 
major light-harvesting chlorophyll-protein of the chloro- 
plast, which is a complex of chlorophylls a and 6 and protein 
previously termed the photosystem II chlorophyll-protein 
(23, 24, 31). Perhaps the chlorophyll a/b-protein complex 
performs a less-specific function than heretofore envisaged. 
It is a matter for future investigation to determine when and 
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how molecules of the chlorophyll a/b-protein are added to 
the photosystem I unit, and whether the first photosystem 
I chlorophyll-protein molecule inserted into the developing 
thylakoids obtains its P700 in a functional form before or 
immediately after insertion into the membrane. 

Much research during the last decade has been devoted to 
the isolation of P700 in a highly enriched form (32). Enrich- 
ment of seed plant and algal P700 has proved to be more 
difficult than for the bacterial reaction center. Thus far, the 
most enriched material has been isolated from spinach stroma 
lamellae and exhibits a chlorophyll/P700 ratio of sixteen 
(33), when a millimolar extinction coefficient for P700 of 60 
em~! (100 cm~ in this paper) is used. Owing to the small 
quantities present it is likely to be difficult to isolate the 
photosystem I chlorophyll-protein complex from tissues 
allowed to green for less than 6 hr. The attempt should be 
made, however, because that is almost certainly the best 
material for study of the nature of P700. 
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ABSTRACT When cells of a Syrian hamster melanoma 
were grown in increasing concentrations of bromodeoxy- 
uridine (BrdU), lines of mutant cells able to grow well at 
high concentrations of BrdU were isolated. The mutant 
cells were characterized by BrdU dependence. In the ab- 
sence of BrdU, the cells grew very poorly. The requirement 
for BrdU was specific for both the bromine and the deoxy 
sugar. The mutant cells incorporated BrdU into the DNA, 
replacing about 50% of the thymine residues with bromo- 
uracil. The reason for the BrdU dependence is not known. 





The drug 5-bromodeoxyuridine (BrdU), which can be incor- 
porated into DNA in place of thymidine, has many types of 
effects on cells. It has been shown to act as a mutagen (1), to 
suppress differentiated functions (2), to induce latent viruses 
(3), and to affect the strength of binding of a bacterial re- 
pressor to its operator (4). Mammalian cells resistant to the 
drug have been isolated (5). A search for additional cell lines 
able to grow in BrdU has led to the discovery of a new type 
of mutation in mammalian cells, BrdU dependence. The isola- 
tion and properties of the mutant cells are described in this 
paper. 


MATERIALS AND METHODS 


Isolation of Cells in BrdU. The cells were derived from the 
pigmented Syrian hamster melanoma line RPMI 3460 (6). 
This line has been maintained in culture for several years, and 
its derivatives have been used extensively in cell hybridization 
studies (7). A pigmented clone called 3460 W1 (referred to be- 
low as W1) was used as the parental line for the isolation of the 
mutant cells. The cells were grown in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal-calf serum 
(E medium). 

For the isolation of cells able to grow in BrdU, 60-mm 
(Faicon) plastic tissue culture dishes were inoculated each 
with 2 10° W1 cells in E medium containing 3 ug/ml BrdU 
(Sigma Chemical Co.). After 3 weeks in this medium, about 20 
large colonies of cells were present in each dish. The colonies 
from two dishes were pooled, and the cells were passed two 
more times in medium with 3 wg of BrdU per ml, and then 
passed two times in medium containing 30 zg of BrdU per ml. 
(E medium containing 30 ug of BrdU per ml will be referred 
to as E-B medium.) During these passages, the cells were 
transferred at 2- to 3-week intervals. 2 Weeks after the sec- 
ond passage in E-B medium, large colonies of cells were ob- 
served. Several colonies were picked and subcultured indi- 
vidually in E-B medium. The lines obtained were called 3460 
B1, B2, B3, etc., and as a group will be referred to as 3460 
B. Because of the repeated transfers in BrdU before the isola- 
tion of colonies, it is not certain that all of the colonies are of 
independent origin. 


Pyrimidine Requirements. The 3460 B cells were tested for 
the ability to grow in E medium alone or supplemented with 
one of the following: BrdU, thymidine, uridine, deoxyuridine, 
bromouracil, bromouridine, and iododeoxyuridine. Since cells 
resistant to BrdU often lack the enzyme thymidine kinase 
(EC 2.7.1.21), and are therefore unable to grow in HAT 
medium [E medium supplemented with 0.1 mM hypoxan- 
thine, 0.4 uM aminopterin, and 16 uM thymidine (8)], the 
3460 B cells were also tested for their ability to grow in HAT 
medium. For the growth tests, 60-mm dishes were inoculated 
with 10‘ cells (maintained in E-B medium until harvested for 
the tests) in E medium containing different additives. After 1 
week the dishes were renewed with fresh medium; after 2 
weeks, the cells (from two dishes with each medium) were 
counted. 


Labeling of Cells and DNA Isolation. Cells were grown in E 
or E-B medium to which was added the appropriate radiolabel 
at an activity of 10 uCi/ml for 2-3 population doublings before 
harvesting the cells. Cells were labeled with either [*H ]thymi- 
dine (6.7 Ci/mmol), [7H]BrdU (26.4 Ci/mmol), or H;**PO,. 
(All three compounds were purchased from New England 
Nuclear Corp.) 

The cells were collected by trypsinization, centrifuged, re- 
suspended in 1 ml of 0.01 M Tris- HCI-0.01 M KCI-1.5 mM 
MgCl. (pH 8.5), containing 5% NP-40 detergent, and lysed 
by vigorous agitation with a Vortex mixer. The nuclei 
were collected and resuspended in 0.1 M NaCl, 0.03 M 
Tris: HCl (pH 7.5) 0.01 M EDTA, and 2% Sarkosyl. Pre- 
viously digested Pronase (Calbiochem) was added to a con- 
centration of 1 mg/ml, and the mixture was gently rocked at 
37° for 1 hr, extracted twice with phenol, then extracted once 
with chloroform, and finally dialyzed overnight against 0.01 
M Tris-HCl-1 mM EDTA (pH 7.5). When *P was used as 
the label, the DNA was subjected to a 30-min treatment with 
RNase A (previously boiled for 10 min) before dialysis. 


CsCl Gradient Centrifugation. Neutral gradients were pre- 
pared by the addition of CsCl to an initial density of either 
1.700 g/ml (for 3460 and W1) or 1.750 g/ml (for 3460 B) ina 
total volume of 5 ml. Gradients were run for 72 hr in a Beck- 
man L2-65B ultracentrifuge at 35,000 rpm. For alkaline CsCl 
gradients, the DNA sample was denatured and the gradient 
was prepared as described (9), at an initial density of either 
1.760 g/ml (for 3460 and W1) or 1.790 g/ml (for 3460 B). 
The tubes were punctured and 10-drop fractions were col- 
lected. Samples were taken for scintillation counting and 
determination of refractive indices. 


Radiation Sensitivity. 0.2-ml DNA samples were irradiated 
in small, open petri dishes with a UV Germicidal Lamp (Syl- 
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vania G15TS8) at a distance of 10 cm for 10 min at room tem- 
perature (24°). After irradiation, samples were denatured in 
0.3 N NaOH and analyzed for single-chain scissions on alka- 
line sucrose gradients. The gradients were run on 5-25% su- 
crose in 0.3 N NaOH-0.7 M NaC! for 90 min at 49,000 rpm in 
an SW50.1 rotor. Denatured bacteriophage T7 DNA was 
used as a marker. 

Cells were irradiated with light from a fluorescent source 
(ITT F40, Cool White) at a distance of 10 cm at room tem- 
perature. The cells were growing in (Falcon) plastic tissue 
culture dishes, and the medium was left in the dishes with the 
top on during irradiation. 


RESULTS 


The 3460 B sublines were maintained in E~B medium after 
their isolation. All of the lines were maintained for at least 6 
weeks, during which time they were subcultured at least four 
times. One of the sublines, 3460 B4 (referred to below as 
B4), was maintained in continuous multiplication in BrdU for 
more than 6 months, undergoing more than 75 cell divisions 
with no decrease in growth rate. Cells of the B4 subline had as 
much thymidine kinase activity as the 3460 cells. (Thymidine 
kinase assays were kindly performed by Dr. 8. J. Adelstein.) 
Cells of all of the 3460 B sublines were unpigmented, consis- 
tent with previous observations of the effect of BrdU on pig- 
ment cells (10). 

Soon after their isolation, it became apparent that the 3460 
B cells were not simply BrdU resistant but were actually 
BrdU dependent. When transferred to E medium, the cells 
stopped growing. The cell morphology was also altered in the 
absence of BrdU, with the cells becoming flattened and en- 
larged. [This is the reverse of the effect of BrdU on the mor- 
phology of mouse melanoma cells, in which case the cells ex- 
posed to BrdU became more flattened (11).] Seven of the 3460 
B sublines were tested for their ability to grow in medium 
without BrdU, and it can be seen from Table 1 that all of the 
sublines grew very poorly in the absence of the drug. On the 
average, the increase in cell number over the 2-week period of 
the test was 20-fold greater in E—B medium than in E medium. 

Cloning experiments were performed in an effort to deter- 
mine the significance of the small increase in the number of 
3460 B cells in the absence of BrdU. The B4 line was subcloned 


TaBLeE 1. BrdU dependence of 3460 B sublines 





Cell numbert 
(X10~-*) 


Cell numbert 
(<107*) 


Cell line* +BrdU — BrdU 


3460 B4 150 4 3460 B4(A) 330 12 
B8 110 3 B4(B) 380 15 
B9 130 B4(C) 430 8 
B10 72 B4(D) 580 10 
Bll 24 
B12 36 
B13 28 


Cell line* 


+BrdU —BrdU 





» 


Nw obo 





* 3460 B4, B8, B9, etc. are independent clones of cells isolated 
in E-B medium. 3460 B4(A), B4(B), etc. are subclones of 3460 B4. 

t The cell number is the total number of cells per 60-mm dish 
(average of two dishes), counted 14 days after inoculation with 
10‘ cells in medium containing either 30 ug of BrdU per ml or no 
BrdU. 
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TABLE 2. BrdU concentration and thymidine competition 





Cell Cell 
numbert numbert 
Medium additive* (x 10~*) Medium additive* (x<10-*) 


‘ BrdU (30) 415 
‘ BrdU (30) + 402 
: Thymidine (3) 
BrdU (30) + 365 
: Thymidine (30) 
BrdU (3) 192 
BrdU (3) + 152 
Thymidine (3) 
BrdU (3) + 
Thymidine (30) 


None l 
BrdU (0.03) l 
BrdU (0.3) 7 
BrdU (3) 18 
BrdU (30) 44 
BrdU (90) 

Thymidine (3) 
Thymidine (30) 





* 60-mm Dishes were inoculated with 10* B4 cells in E medium, 
supplemented as indicated in the Table. The concentrations of 
the additive, in ug/ml, are indicated in parentheses. 

t See note to Table 1. 


in BrdU, and four subclones were tested for their ability to 
grow in the absence of the drug (see Table 1). It can be seen 
that all of the subclones were BrdU dependent and, like the 
parental population, underwent a small increase in cell num- 
ber in the absence of BrdU. 

Cells of the B4 line and of one of the subclones, B4(D), were 
cloned in E and E-B medium, to determine whether all of the 
cells in the BrdU-dependent populations could grow slowly in 
the absence of BrdU or whether a small fraction of the cells 
could survive and grow rapidly without the drug. The cloning 
dishes were stained and counted after 2 weeks, and it was seen 
that the cloning efficiency of the dependent cells was about 
the same in medium with or without BrdU (8% in E medium 
and 11% in E-B medium). However, the average colony size 
in E medium was less than 10 cells, whereas the average colony 
size in E-B medium was more than 200 cells. These results 
suggested that all of the cells in the dependent populations 
could grow very slowly, at least for a few generations, in the 
absence of BrdU. 

Since BrdU-dependent cells had not been observed previ- 
ously, it was necessary to show that these cells actually required 
BrdU and not some trace contaminant in the commercially 
supplied material. Two different lots of the drug were tested 
and both gave the same results. One sample of BrdU was 
further purified by paper chromatography [with Whatman 
3Mm paper and a solvent of butanol-formic acid-—water 
770: 108:122]. The BrdU spot was detected with UV light, 
cut out, and eluted. The chromatographed BrdU was tested 
for its ability to support the growth of B4 cells at two differ- 
ent concentrations (15 ug/ml and 3 ywg/ml); the dependent 
cells grew as well with the chromatographed BrdU as with 
nonchromatographed material. These results suggested that 
the cells actually required BrdU itself. 

The B4 line was used to study in detail the requirement for 
BrdU. The rate of growth of the cells was dependent upon the 
concentration of BrdU (Table 2). Over a thousandfold range 
of concentrations, from 0.03 ug/ml to 30 ug/ml (about 0.1 «.M- 
100 uM) BrdU, the cells grew faster as the concentration of the 
drug was increased. At a concentration of 90 ug of BrdU per ml, 
the cells did not grow at all. It was mentioned earlier that the 
dependent cells in the absence of drug became very flattened 
and enlarged. In this experiment, it was observed that the 
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TABLE 3. Thymidine requirement of BrdU-dependent cells 





Medium additive* Cell numbert ( X 10~*) 





None 18 
BrdU 425 
HAT 20 
HA + BrdU 2 
HAT + BrdU 127 





* BrdU was used at a concentration of 30 ug/ml. H, A, and T 
represent hypoxanthine, aminopterin, and thymidine at the con- 
centrations indicated in Methods. 

t See note to Table 1. 


extent of enlargement decreased progressively as the concen- 
tration of BrdU was increased. 

Experiments were performed to determine if thymidine 
could be substituted for BrdU (Table 2). The results demon- 
strated that thymidine could not satisfy the requirement for 
BrdU. The fact that the cells could not survive when thymidine 
was substituted for BrdU in the medium demonstrated that 
the BrdU was not being used by the cells to compensate for an 
inability to synthesize thymidine. 

The B4 cells were grown in mixtures of BrdU and thymidine 
to test whether there was any competition between them (see 
Table 2). With equal amounts of BrdU and thymidine in the 
medium, the presence of thymidine had no effect on cell 
growth. However, with a 10-fold excess of thymidine over 
BrdU, cell growth was significantly inhibited. Thus, even 
though thymidine could not be utilized in place of BrdU, it did 
compete with BrdU. 

Experiments were also performed to determine whether the 
cells could survive without any thymidine at all. The de novo 
synthesis of thymidine was blocked by aminopterin, forcing 
the cells to obtain any necessary thymidine from the medium. 
As shown in Table 3, when aminopterin was added to the 
medium, the cells could not grow in the presence of BrdU 
without added thymidine (E medium contains no thymidine), 
nor could they grow with thymidine in the absence of BrdU. 
However, if both thymidine and BrdU were present when 
aminopterin was in the medium, the cells could grow. These 
results showed that the cells required both thymidine and 
BrdU for growth and that neither one alone was sufficient. 
The necessary thymidine could be provided by the cell’s own 
synthetic mechanisms (indicated by the fact that exogenous 
thymidine was not required for growth in the absence of 
aminopterin) or, in the presence of aminopterin, thymidine 
had to be obtained from the medium. 


TABLE 4. Specificity of BrdU requirement 





Cell Cell 
numbert Medium numbert 
(x 10-*) additive* (x 10-4) 


Medium 
additive* 


None 6 None 
BrdU 298 BrdU 
Bromouracil 10 Bromouridine 
Uridine 8 Iododeoxyuridine 
Deoxyuridine 10 





* All of the additives were tested at a concentration of 30 ug/ml. 
t See note to Table 1. 
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Fig. 1. Incorporation of BrdU into DNA of dependent cells. 
Neutral CsCl gradients were prepared as described in Methods. 
(A) B4 DNA, labeled with **P; (B) 3460 DNA, labeled with [*H]- 
thymidine. @——® radioactivity ; S——, density. 


The specificity of the requirement for BrdU was tested by 
culturing the B4 cells in medium in which BrdU was replaced 
by uridine, deoxyuridine, bromouracil, bromouridine, or iodode- 
oxyuridine. The results of the tests are shown in Table 4, and 
it is clear that none of the compounds tested could be sub- 
stituted for BrdU, indicating that the requirement for BrdU 
was specific for both the bromine and the deoxy sugar. 

The specificity of the requirement for BrdU suggested that 
the BrdU was being incorporated into the DNA of the de- 
pendent cells. Since cells with BrdU-substituted DNA have 
been shown to be sensitive to visible light (12), the effect of 
fluorescent light on the B4 cells was determined. It was found 
that the cells were extremely light-sensitive, with a 10-min 
exposure reducing the fraction of surviving cells to 0.01%. 
The same exposure had no effect on cells not growing in the 
presence of BrdU. 

In order to test more directly whether the dependent cells 
were incorporating BrdU into DNA, the buoyant density 
of the DNA was examined. The 3460 and W1 cells were grown 
in E medium containing [*H ]thymidine or H;**PO,, and the B4 
cells were grown in E-B medium plus [*H]thymidine, [*H]- 
BrdU, or H;**PO,;. The DNA from the labeled cells was 
extracted, and the buoyant density of the DNA was deter- 
mined in neutral CsCl. As shown in Fig. 1, the DNA from the 
3460 cells gave a single peak with a density of 1.693 g/ml. 
The DNA from W1 cells (not shown) gave an identical result. 
The DNA from the B4 cells also gave a single peak, but the 
peak was much more disperse, and the mean density had 
increased to 1.753 g/ml. No labeled DNA with the density of 
3460 DNA was detected in the dependent cells. The large 
increase in the density of the B4 DNA indicated a significant 
incorporation of BrdU into the DNA of the dependent cells. 
Table 5 shows the density ranges from five different CsCl 
gradients with four different DNA preparations and all three 
labeled precursors. While the peak of radioactivity for the 
B4 cells was heterogeneous, the mean density, as well as the 
upper and lower extremes, were always the same, regardless of 
the labeled precursor used. The fact that the distribution of 
label showed the same density ranges with both [*H ]thymidine 
and [*H]BrdU suggested that BrUra was evenly distributed 
throughout the DNA. 

The extent to which T residues had been replaced by BrUra 
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Fia. 2. 


Effect of UV irradiation on DNA of BrdU-dependent cells. Alkaline sucrose gradients of irradiated and unirradiated DNA, 


treated and centrifuged as described in Methods. (A) 3460 DNA, unirradiated; (B) 3460 DNA, irradiated; (C) B4 DNA, unirradiated; 
(D) B4 DNA, irradiated. DNA of both cell lines was labeled with [*H]thymidine. Arrow indicates position of T7 DNA marker. 


in the DNA of the dependent cells was calculated on the basis 
of the shift in density. The density of the 3460 DNA cor- 
responded to a G-C content of 40% or a T content of 30%. 
In CsCl, the density of poly(dA-dT) is 0.20 g/ml less than 
that of poly(dA-dBrUra) (13). Thus, the shift in density from 
1.693 (for 3460 DNA) to 1.753 (for B4 DNA) indicated a re- 
placement of 50% of the T residues by BrUra in B4. The 
extremes of density of the B4 DNA corresponded to a range of 
33-66% substitution, if we assume that all of the DNA fiag- 
ments would contain 30% T. The density shifts described 
above were obtained with DNA at a molecular weight of 
10°. Identical results were obtained with DNA sheared to 
6-8 X 10° daltons. 

Labeled DNA from B4 cells was run on alkaline CsCl gradi- 
ents to determine if the BrdU was being incorporated uni- 
formly into both strands of DNA. The DNA of the dependent 
cells was found to band with a single peak. The fact that the 
two strands did not separate in alkaline CsCl indicated that 
approximately equal amounts of BrUra were incorporated 
into both strands of the DNA. 

BrdU-substituted DNA has been shown to be much more 
light-sensitive than unsubstituted DNA (14). Labeled DNA 
from 3460 and B4 cells was exposed to UV light and then run 
on alkaline sucrose gradients to detect single-strand scissions 
(see Fig. 2). The unirradiated, single-stranded DNA of the 
3460 cells had a single broad peak, with a mean molecular 
weight of about 2 < 10’. After irradiation, some DNA of 
2 X 10’ molecular weight still remained, but the size distribu- 
tion became more heterogeneous, with an obvious production 


of some smaller fragments. The unirradiated single-stranded 
DNA of the dependent cells had a molecular weight of 2 Xx 
10’, similar to that of the 3460 cells. However, after irradiation, 
no label at all was detectable in high molecular weight DNA. 
All of the label appeared in a single peak, with a molecular 
weight of less than 2 X 10°. The fact that no single-stranded 
DNA of high molecular weight remained after irradiation sug- 
gested again that the BrUra was located in both strands of the 
DNA, and further suggested that there were very few, if any, 
long stretches of DNA into which BrdU was not incorporated. 

In an effort to further characterize the BrdU-dependence 
mutation, a population of “revertant”’ cells able to grow rap- 
idly without BrdU was isolated and studied. The revertant 
population, called B4-E, was derived from 14 after the cells 
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had undergone 25 generations in the presence of BrdU, and 
was obtained after several passages of B4 in the absence of 
BrdU. B4-E cells were cloned in E and E-B medium; the clon- 
ing efficiency of the cells was about 60% in E medium and 5% 
in E-B medium, with the colonies in both media being about 
the same size suggesting that about 10% of the cells in the 
B4-E population were again able to grow rapidly in the pres- 
ence of BrdU. A new population of cells growing in BrdU, 
called B4-E-B, was isolated from B4-E; after 15 genera- 
tions in BrdU, the B4-E-B cells were again tested for BrdU 
incorporation and dependence. The density of B4-E-B DNA 
was determined, and it was found that B4-E-B cells incor- 
porated as much BrdU into DNA as Bé4 cells. However, in 
contrast to B4, B4-E-B cells were able to grow as well in E 
medium as in E-B medium. The B4-E-B cells were thus unlike 
the B4 cells from which they had been derived, even though 
both populations grew rapidly at high concentrations of BrdU 
and incorporated BrdU into the DNA. The reason for this 
difference is not understood. 

The mutagenic effect of BrdU is thought to be due to pairing 
errors during DNA replication, resulting in the replacement of 
A-T pairs by G-C pairs (15). A progressive increase in G-C 
content in cells grown in BrdU might, therefore, be expected. 
The buoyant density of the DNA of the revertant B4-E cells, 
which had undergone 25 generations in the presence of BrdU 
before being reselected in E medium, was determined after 
the cells had grown 30 generations in the absence of the drug. 
The DNA of these cells was found to have a buoyant density of 
1.693, identical to that of 3460 cells. The absence of a detect- 
able shift in buoyant density indicated that the presence of 
BrUra in the DNA during 25 generations did not result in a 
large-scale increase in G-C content. 


DISCUSSION 


This paper has described the characteristics of a new mutation 
in mammalian cells, BrdU dependence. (The term ‘“muta- 
tion” is used to indicate that the variant phenotype is heri- 
table, and it is not meant to imply that a change at the genetic 
level has been demonstrated.) The requirement for BrdU was 
specific for both the bromine and the deoxy sugar. Thymidine 
could not satisfy the BrdU requirement, but the cells needed 
thymidine in addition to BrdU for survival. The mutation 
was leaky, in the sense that some growth occurred when the 
dependent cells were removed from BrdU. 

Tests of the physical properties of the DNA of the depen- 
dent cells demonstrated that the BrdU was being incorporated 
into the DNA of the cells. About 50% of the T residues were 
replaced by BrUra in the dependent cells, and the BrUra 
seemed to be evenly distributed throughout the DNA. Some 
of the dependent cells have undergone more than 75 cell divi- 
sions in the presence of BrdU, indicating that cells can survive 
for long periods of time with highly substituted DNA. 

The isolation of these BrdU-dependent cells recalls the ef- 
fect of BrdU on the growth of infectious bovine rhinotrache- 
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itis virus. When the virus was grown for one cycle in the pres- 
ence of BrdU, it was found that BrdU was required for the 
growth of the virus in the subsequent cycle (16). The reason 
that BrdU was necessary for viral growth was not determined. 

Cells able to grow in media with high concentrations of 
BrdU have been isolated previously from many different 
mammalian cell lines. Two classes of BrdU-resistant mutants 
have been described, one class in which the cells lacked the 
enzyme thymidine kinase (5) and the other class in which the 
cells had thymidine kinase activity, but were deficient in the 
thymidine uptake system (17). In both cases resistance to the 
drug was associated with the absence of incorporation of BrdU 
into the DNA. The mutant cells described in this paper differ 
from those previously isolated in that the 3460 B cells have 
both thymidine kinase activity and an active thymidine up- 
take system, incorporate BrdU into the DNA, and, most 
strikingly, are BrdU dependent. 

The existence and properties of the BrdU-dependent cells 
raise many questions, especially the question of why do the 
cells require BrdU. Some of the possibilities that are being 
considered are based on the many effects that BrdU has been 
shown to have in other systems, e.g., as a mutagen, as a sup- 
pressor of differentiated functions, and as an inducer of latent 
viruses. Another possibility is that the BrdU dependence is not 
based on the action of the drug itself or on the effect of its 
incorporation into the DNA, but is due instead to an alteration 
in the DNA-synthesizing system of these cells. 
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ABSTRACT The photooxidation of chlorophyll b by 
1,4-benzoquinone and 2,6-dimethyl-1,4-benzoquinone was 
investigated by the technique of chemically-induced 
dynamic nuclear polarization. Polarization of the proton 
magnetic resonance lines of the quinone was detected. 
A mechanism for the photooxidation was postulated that 
invokes the reaction of the quinone with the excited singlet 
state of the chlorophyll to form a radical pair. This mech- 
anism, together with a theoretical model and parameters 
taken from the literature, yields a theoretical proton 
magnetic resonance spectrum for the polarized quinone 
that agrees well with that observed experimentally. 





The photosensitized oxidation of chlorophyll by different 
oxidizing agents is being investigated in several laboratories 
(1-17), in order to provide guidelines for understanding the 
primary steps in photosynthesis. Among the various oxidants, 
the reaction of chlorophyll with various quinones is of special 
interest. It is well established that this reaction proceeds 
through free-radical intermediates, but the mechanistic 
details are still controversial (16). There are conflicting data 
on the nature of the excited states of chlorophyll with which 
the quinones react. The main sources of information about 
the nature of the precursors involved were obtained from 
flash photolysis, electron spin resonance (ESR), and fluores- 
cence studies with 8-carotene as a competing quencher of the 
excited states. It was assumed that §-carotene reacts only 
with the triplet state of the excited chlorophyll. Addition of 
quinone reduced the concentration of the excited triplet of the 
chlorophyll, but not its lifetime (13, 14), suggesting that the 
quinone reacts with a precursor of the chlorophyll triplet. 
However, ESR studies showed that 6-carotene quenches the 
semiquinone radical formation, a finding that was explained 
in terms of competition between the quinones and the £- 
carotene for the chlorophyll triplet (9, 11). 

As a way out of this dilemna, Tollin (13, 14, 17) suggested 
that a reaction occurs involving a ternary complex of the 
form: 


hy 
(solvent: - - -Chl- --Q) — (solventox + Chl + Q-). 


The suggestion was that the chlorophyll photosensitizes the 
oxidation of solvent molecules and the solvent radical that 
is formed reacts with the quinone. Recently, Harbour and 


Abbreviation: CIDNP, chemically-induced dynamic nuclear 
polarization. 


Tollin (17) reported observations of the solvent radical in 
low-temperature ESR experiments; for ethanol as the solvent, 
the ethoxy radical was identified. 

Chemical reactions involving radical pairs can give rise to 
nuclear spin polarization, which is manifest by enhanced 
nuclear magnetic resonance (NMR) absorption and/or 
emission. This phenomenon is commonly denoted as chem- 
ically-induced dynamic nuclear polarization (CIDNP) (18, 
19). This technique appeared to be eminently suitable for 
attacking this problem, and we report here direct evidence 
of the nature of the precursors in the photooxidation of chloro- 
phyll by quinones. 

A necessary condition for producing polarized NMR spec- 
tra of this sort is a competition between spin-dependent an- 
nihilation of the radical pair to form a singlet and spin-in- 
dependent scattering to form the two separate radicals (20 
26). This condition seems to be satisfied in this case, since the 
reaction is reversible and the radicals of both Chl* and semi- 
quinone have been observed by electron paramagnetic res- 
onance (EPR) (16). Furthermore, some data obtained by 
fluorescence, flash photolysis, and ESR were interpreted in 
terms of the existence of radical pairs (1, 3, 16). Since the 
CIDNP technique is sensitive to the multiplicity of the precur- 
sor of the radical pair, as well as to the chemical nature of the 
participants, it seemed to be a promising approach for clari- 
fication of some of the mechanistic aspects of this reaction. 


MATERIALS AND TECHNIQUE 


The light-induced PMR spectra were recorded with a Varian 
A-60 spectrometer equipped with a light guide, as described 
elsewhere (27). 1,4-Benzoquinone was purified by vacuum 
sublimation. Chlorophyll 6 supplied by Sandoz Pharmaceu- 
ticals (crystallizable product) and by Sigma (highly purified) 
was used without further purification. All other chemicals 
were the most highly purified among those commercially 
available, and were used without further purification. Corning 
glass filters were used to select the desired spectral range. 
Calibrated mesh filters were used to change the light intensity. 
A Hanovia 1000-W high-pressure mercury xenon lamp in a 
Schoeffel housing was used as the light source. 

We found no effect upon deoxygenating the sample, except 
for the observation that the deoxygenated samples remained 
stable for longer periods of irradiation. Fresh solutions were 
used for each experiment. 
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Fig. 1. 60-MHz PMR spectra of a solution of 10 mM 1,4- 
benzoquinone and 50 uM chlorophyll b in CD;0D. Lower trace: 
before irradiation. Upper trace: during irradiation with visible 
light. (a) 1,4-benzoquinone; (b) CD,;OD. 


RESULTS 


Fig. 1 shows spectra for a solution of 50 uM chlorophyll b 
with 10 mM 1,4-benzoquinone in perdeuterated methanol. 
The lower trace shows the spectrum before irradiation and 
the upper trace shows the spectrum during irradiation with 
visible light passed through an O-51 Corning filter, which 
removes all light with wavelengths shorter than 400 nm. 
The magnetic field increases from left to right. The line that 
appears in the low-field part of the spectrum is due to the 
ring protons of 1,4-benzoquinone. The remaining features 
are due to the solvent. It can be seen that upon irradiation 
the ring protons of the 1,4-benzoquinone are enhanced in 
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Fic. 2. 60-MHz PMR spectra of a solution of 10 mM 2,6- 
dimethyl-1,4-benzoquinone and 50 uM chlorophyll 6 in CD,OD. 
(A) and (B): before irradiation. (C) and (D): during irradiation 
with visible light. (Z) Theoretically constructed stick spectrum. 
(a) Methyl protons of the quinone; (6) aromatic protons of the 
quinone; (c) solvent lines. 
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intensity, while the shape and intensity of the methy] protons 
of the solvent remained unchanged. The absorption peak of 
the OH protons changes shape and shifts to higher field due to 
local heating, but integration of the signal revealed that there 
is no change in intensity. 

Fig. 2 shows spectra of 2,6-dimethyl-1,4-benzoquinone 
taken under the same conditions as in Fig. 1. A and B are 
scans recorded before irradiation under low- and high-resolu- 
tion conditions, respectively, while C and D were recorded 
during irradiation. 

The PMR spectrum of 2,6-dimethyl-1,4-benzoquinone is 
of the type AX;A’X’; (28). While we were unable to resolve 
the ring proton lines, the methyl lines were fully resolved, 
with a coupling constant of Jaz = 0.7 + 0.2 Hz. Upon irradia- 
tion, the ring protons of 2,6-dimethyl-1,4-benzoquinone are 
enhanced in intensity, while the signals due to the methyl 
protons appear as emission lines with a different distribution 
of intensities within the triplet as compared to the unirradi- 
ated sample. In addition, an unidentified peak appears on the 
low-field side of the methy] protons of the quinone in trace C. 
This peak arises from some unidentified polarized irradiation 
product. Another feature of the spectra (not shown) is that 
after prolonged irradiation the enhanced absorption lines of 
the ring protons become emission lines. We will not deal with 
this problem here, as we are not sure of the mechanisms in- 
volved. Our working hypothesis is that these inverted lines oc- 
cur from new product(s), whose chemical shift does not differ 
from that of the aromatic protons of the original quinones. 

The polarization of an NMR line that results from transi- 
tions between nuclear states n and m is defined by: 

Vian cme a 


+, (1] 


yo 
V mn 


Pan = 


where V,, is the observed intensity of the NMR signal and 
V°mn is the intensity of the signal at Boltzman equilibrium. 

No polarization of the quinone peaks occurred in the ab- 
sence of chlorophyll. No polarization was observed when the 
chlorophyll was replaced with chlorophyllin. Also, no polariza- 
tion was observed when the deuterated methanol solvent was 
replaced by CCl. 

When the system chlorophyll + quinone was excited with 
red light by use of a Corning filter 2-61, which removed all 
wavelengths shorter than 600 nm, the same pattern of polar- 
ization was observed, but the magnitude was reduced by more 
than 50%; this result indicates that both visible-absorption 
bands of the chlorophyll participate in the reaction. No 
further enhancement of the polarization was observed by 
removal of all filters and extension of the spectral range of the 
excitation into the ultraviolet. The polarization was propor- 
tional to the light intensity. 


Theory 


Details of the theory used to calculate the polarized spectra 
can be found elsewhere (23). Here, we will give only the final 
formulas involved in those calculations, and we mention the 
physical meaning of the parameters involved. 

Based on the density matrix treatment of the radical pair, 
the theoretical expression for Pm» in Eq. 1 is: 


LkT 


} = ——— — — y71"" (0" ss —_ pss) [2] 
gnBvHod_ ID: Pn 





Proc. Nat. Acad. Sci. USA 70 (1973) 


In this equation, D-P describes the diamagnetic product 
formed by annihilation of the radical pair, L = I]! + 1), 
t 


the total number of nuclear levels of D- P, gy is the nuclear 
g factor, By is the nuclear magneton, T is the absolute tempera- 
ture, Ho is the intensity of the magnetic field, k is the Boltz- 
man factor, y = k:/k_-2 where k; is the rate constant for the 
radical-pair annihilation and k_, is the rate constant for 
scattering of the radical pair to give two separate radicals 
(see scheme I), 7,"" is the spin-lattice relaxation time from 
state m to state n, and ps; is the diagonal density matrix ele- 
ment for the singlet state of the radical pair, which is given 
by: 

Po = = + u2 + yerr [3] 

“ l+tyt+u2+7) 
In Eq. 3, a is a matrix that describes the rate of formation of 
the radical pair; its exact form will depend on the nature of 
the precursor of the radical pair. If the total rate of formation 
of the radical pair is given by k*, then for a singlet precursor 


arr = 0 and Ass = k*, 
for a triplet precursor 
as35 = Oand arr = k*/3 


and if the radical pair is formed from two separate radicals, 
then 


nis given by 
H?* s7/k?_2 


= — a 4 
*— C472 + at Ot nM ere, “ 


In Eq. 4, J, is the electron exchange integral in energy units, 
which is related to the energy separation of the singlet and the 
T> triplet state of the radical pair, and H gz is the off-diagonal 
matrix element of the spin-Hamiltonian that mixes the singlet 
with the 7 state of the triplet manifold, and is given by: 


H sr = 1/2(8Hodg + LAWN; c= VAN e] 5] 
5] 2 


In Eq. 5, a and 6 are the two radicals that form the radicai 
pair, 4g is the difference in their electronic g factors, A, and 
A, are their scalar nuclear hyperfine interactions, VN; and N, 
are their nuclear spin quantum numbers that describe the 
state of the jth and kth spin (for protons 1/2 and —1/2), 
and 8 is the electron Bohr magneton. 


DISCUSSION 
The stick spectrum given in Fig. 2(£) was constructed by 


use of Eq. 2 with the appropriate parameters, based on the 
following mechanism: 


hy 
Chl + Q— Chi*s + Q—Chl*? + Q 


“A _le 


‘Chi* Q-' 
| kit 
Chi* + Q- 
Scheme I 


The chlorophyll is excited to its singlet excited state, from 
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which it can go by intersystem crossing to the excited triplet 
state. The quinone quenches the excited singlet. As a result, 


the radical pair Chl*+ Q~ is formed. The radical pair can dis- 
sociate to give the semiquinone radical and Chl* or it can 
annihilate to give back the starting materials. This mechanism 
can account for the reversibility of the reaction, as well as 
for the fact that both the semiquinone radical and Chl* 
have been detected by EPR (16). 

According to this scheme, the constituents of the radical 
pair are Chl* and Q~-. The g value of Chl* is 2.0025 (29) 
and that of 2,6-dimethyl-1,4-semiquinone radical is 2.00445 
(30). The magnitudes of the hyperfine interaction of the CH; 
protons is Acu, = +1.87 g, and that of the aromatic protons 
An = —2.22 g (30). The signs were deduced from the well- 
known difference in coupling mechanism between these two 
kinds of protons and the unpaired electron spin density in 
semiquinone radicals. While the coupling of the CH; protons 
is via hyperconjugation and, hence, Acu, will be positive, the 
coupling of the aromatic protons is via polarization of the C-H 
o electrons by the unpaired x electron and, hence, Acu, will 
be negative (31). 

The asymmetry of the methy] triplet is determined by the 
sign of the indirect coupling constant, Jy. For the calculated 
stick spectrum in Fig. 2£, which agrees reasonably well 
with the experimentally observed spectrum, Fig. 2D, a 
negative sign was required, in agreement with other allylic 
coupling constants, e.g., toluene (32). The electron-electron 
exchange interaction was taken as J, = 10° Hz; the justifica- 
tions for use of this value are given elsewhere (23). The param- 
eters given thus far are sufficient for calculating Hs, from 
Eq. 5. 

Much less is known about the kinetic parameters that ap- 
pear in Scheme I. The existence of biradicals of the nature 
postulated here was suggested previously to explain various 
optical and EPR observations (1, 3, 16). Hales and Bolton 
(16) postulate that they observe the EPR spectrum of the 
Chl* Q~ biradical at room temperature and that the biradical 
decays with a first-order rate constant of 1.2 & 10° sec™!. 
We have some reservations as to the correctness of the assign- 
ment of their rapidly decaying ESR signal as the Chl* Q 
biradical, and thus do not choose to use their value for the 
rate of disappearance in our calculations. In view of lack of 
other sources of information, we took the literature value 
for the rate constant for the reaction Chl* + Q~, which is 
(3.0 + 1.0) X 10° liter mol! sec! (10, 7, 12). We normalized 
this value to an apparent quinone concentration in which the 
distance between the quinone and the chlorophyll! would be 
6 A, and multiplied the result by a steric factor that accounts 
for only one semiquinone radical per Chl*. Assuming that the 
radical pair dissociates with equal probabilities through its 
singlet and the three triplet channels, we arrived at the fol- 
lowing values for the rate constants: 


ky = 5 X 10 sec and k_, = 1.5 X 10° sec™ 


In view of the fact that we did not measure quantum yields 
for the polarization, the only information that we have about 
k* is its linear dependence upon the light intensity, which 
derives from the predicted linear dependence of the polariza- 
tion. It should be mentioned that the accuracy of our esti- 
mation of the rate constants will have only a marginal effect 
on the relative shape of the simulated spectrum, but will 
have a pronounced effect on the absolute magnitude of the 
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observed polarization. The shape of the polarized spectrum 
is very sensitive to the relative values of Ag and the hyper- 
fine constants of the various protons. 

Finally, as the precursor is a singlet 


as; = k* andarr = 0 


Attempts to fit the spectra for a triplet precursor or two sep- 
arate radicals gave spectra inverted relative to the experi- 
mental. It was impossible to fit the spectra to the radical 
pair proposed by Tollin et al. (13, 14, 17), namely, CH,0 Q-. 
Using the g value assigned by Harbour and Tollin (17) 
for the ethoxy radical, g = 2.0049, and assuming that the 
methoxy radical will have a similar g value, we find that the 
Ag between the methoxy and the semiquinone radicals is 
too small as compared to the hyperfine interactions to account 
for the observed polarization. Simulated spectra that are 
based on those values look totally different from those ob- 
served experimentally. 

Although the experimental results presented here are in 
reasonable agreement with the postulate of a singlet precursor 
of the radical pair, we cannot exclude some participation of 
the chlorophyll triplet. From Eqs. 2-5, one can see that if 
the same products are formed from singlet and triplet precur- 
sors, the condition for the absence of any polarization is that 
Qss = arr (1 + vy). The fact that we observe polarization 
characteristic of a singlet precursor is indicative that at least 
30% of the radical pairs form through the singlet channel. 
We cannot assign a more accurate fraction, as the absolute 
quantum yield of the polarization was not measured. 


This work was performed under the auspices of the U.S. Atomic 
Energy Commission. M. T. was a postdoctoral fellow of the 
National Institutes of Health (NIGMS). 
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ABSTRACT Rabbit antibodies produced against 50 
of the 55 individually purified ribosomal proteins of 
Escherichia coli were tested for their ability to interfere 
with the formation of the ribosome:EF-G-GDP complex. 
Only antibodies produced against proteins L7 and L12 in- 
hibited complex formation, and they did so completely. 
These two proteins were previously shown to be immuno- 
logically indistinguishable and necessary for the inter- 
action between ribosomes and EF-G. The present data 
are consistent with the view that the interaction between 
ribosomes and EF-G that results in GTP hydrolysis occurs 
on, and is limited to, proteins L7 and L12 on the surface 
of the 50S ribosomal subunit. 





Establishment of the structure-function relationships of 
ribosomes and the mechanisms of GTP involvement in ribo- 
some function are two of the major goals in defining the 
process of translation of the genetic code (for recent reviews, 
see refs. 3 and 4). 

Elucidation of ribosomal structure-function relationships 
has been thwarted by the complexity and cooperativity of 
ribosomal structure (the ribosome is composed of more than 
50 distinct macromolecules), as well as the complexities of 
its functions. The availability of antibodies produced against 
individually purified ribosomal proteins now provides a 
potentially powerful tool with which to investigate the 
functional topology of ribosomes. Already, experiments in- 
volving the use of antibodies have successfully defined the 
specific ribosomal proteins involved in streptomycin and 
spectinomycin binding (5)**»TT, yielded information on the 
identity of the ribosomal proteins that bind ribosomal RNA 
(6, 7), and implicated proteins L7 and L12 in the interaction 
between ribosomes and EF-G (8). 

Similarly, elucidation of the roles of GTP in ribosome 
function has been hampered by the complexities of the re- 
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actions and their participants. An experimental approach to 
this problem is provided by the “single step” hydrolysis of 
GTP by EF-G and the 50S ribosomal subunit in the presence 
of fusidic acid (9, 10). This system is one of the simplest 
manifestations of GTP participation in protein synthesis, 
and recent results suggest that it may involve a ribosomal site 
in common with the other GTP-requiring elongation step of 
protein synthesis, aminoacyl-tRNA binding (2, 11-14). 

In the experiments to be reported here, we have simply 
asked, which antibodies to ribosomal protein (when reacted 
with the ribosome) will prevent the formation of the ribo- 
some-EF-G-GDP complex? The results are surprisingly 
simple; only antibodies prepared against proteins L7 and L12 
inhibit this reaction, suggesting that they are the only proteins 
physically involved in this interaction. To our knowledge 
these results provide the first direct definition of a ribosomal 
site of interaction with a factor, and support earlier work that 
suggested this relationship (8, 15, 16). 


‘ 


MATERIALS AND METHODS 


Preparation of Materials. The preparation of antisera 
against individual ribosomal proteins, and the purification 
and characterization of IgGs and their corresponding Fab- 
fragments from these sera were as described (17, 18)}f. 
The methods of preparation of Z. coli EF-G and ribosomes 
were also described (19). [7H)GTP was obtained from New 
England Nuclear Corp. and had a specific activity of 5.7 
Ci/mmol. Miss Barbara Stearns of E.R. Squibb kindly pro- 


vided the fusidic acid. 


Reaction of Antibodies with the Ribosome. 
(30 wg) were reacted for 3 min at 0° with the appropriate IgG 
or Fab preparation in the amounts indicated. The reaction 
(final volume, 20 ul) contained, in addition to ribosomes and 
antiserum: 10 mM Tris-HCl (pH 7.4), 10 mM magnesium 
acetate, 60 mM NH,Cl, and 1 mM dithiothreitol. 


Ribosomes 


Formation of the Ribosome: EF-G- (H\GDP Complex. 15 ul 
of the ribosome-antibody reaction mixture described above 
was added to 35 ul of a solution that contained 10 mM 
Tris-HCl (pH 7.4), 10 mM magnesium acetate, 28 mM 
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NH.Cl, 1 mM dithiothreitol, 11 units of EF-G (19), 3 mM 
fusidic acid, and 10 pmol of [7H ]GTP. Under these conditions 
the antigen-antibody complex remained in solution. The 
mixture was incubated for 5 min at 0°. The ribosome: EF-G- 
(7H|]GDP complex was measured by a Millipore filtration 
method (20). Under these conditions, the binding of [7H ]GDP 
to Millipore filters was limited by ribosomes; in the absence 
of IgG, about 2 pmol was bound. 
RESULTS 

As summarized in Table 1, only two types of results char- 
acterized the effect of antibodies prepared against individual 
50S ribosomal proteins on the ability of 70S ribosomes to 
participate in the subsequent formation of the ribosome- 
EF-G:- [H]GDP complex. All but two IgG preparations 
either were without effect or stimulated the interaction some- 
what. By contrast, the IgGs prepared in response to proteins 
L7 and L12 suppressed this interaction by more than 90%. 
In similar experiments with IgGs prepared in response to 
proteins of the 30S subunit (Table 2), only the neutral or 


TABLE 1. The effect of IgG binding (specific for 50S proteins) 
on the formation of the ribosome: EF-G- [(?H |GDP complex 





Ribosomal protein specificity 
of IgG preparation 


% |*H)GDP binding 


140 

126 

122 

120 

164 

126 
L7 4 
LS 116 
L9 138 
L10 130 
Ll1l 122 
L1i2 6 
L13 113 
L14 96 
L15 138 
L16 138 
L17 118 
LI18 115 
L19 100 
420 140 
L21 114 
L22 144 
L23 130 
L24 116 
425 142 
L26 N.D. 
L27 140 
L28 120 
429 135 
L30 120 
L31 N.D. 
L32 N.D. 
L33 108 
L34 N.D. 





The reaction conditions were as described in the text. 0.32 Aoso 
units of IgG was present in the initial reaction with ribosomes, 
yielding an IgG/ribosome ratio of 135. The amount of [*H]GDP 
binding observed in the absence of IgG is defined as 100%. 
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stimulatory effect was observed. These results should be com- 
pared to earlier findingstt,tf (also ref. 5 and G. S., un- 
published data) that the majority of IgG preparations in- 
hibited the ability of ribosomes to participate in overall pro- 
tein synthesis, i.e., polyphenylalanine formation. 

The concentration dependence of the inhibition of complex 
formation by anti-L7 and -L12 IgGs is compared in Fig. 1 
with the response to a typical noninhibitory IgG. Since pro- 
teins L7 and L12 are immunologically identical (18), the differ- 
ence in the ability of these two IgG preparations to inhibit 
complex formation presumably reflects only a difference in 
antibody titer. The significance of the stimulation of complex 
formation observed with low amounts of the IgG preparations 
is not clear. However, since it is known that only a portion of 
the ribosomes is capable of binding EF-G and GDP (20), it is 
likely that IgG binding (either specific or nonspecific) alters 
ribosome conformation so as to increase this fraction. 

In order to eliminate the possibility that the observed 
inhibitions by antibodies to proteins L7 and L12 resulted from 
nonspecific precipitation of ribosomes, monovalent Fab- 
fragments were prepared from both antibodies. These Fab- 
fragments yielded inhibition curves essentially identical to 
those shown in Fig. 1 (data not shown). 

The ribosome-EF-G-GDP complex was shown (10) to 
result from the direct interaction of ribosomes, EF-G, and 
GDP. Inhibition curves similar to those shown in Fig. 1 for 
IgG L7 were also obtained when this complex was formed 
starting with GDP rather than GTP (data not shown). These 
results are consistent with the view that all of the interactions 
between EF-G and ribosomes that are necessary for GTP 
hydrolysis occur on, and are limited to, proteins L7 and L12 
on the surface of 50S ribosomal subunits. 

DISCUSSION 

Proteins L7 and L12 are acidic 50S ribosomal proteins that 
can be removed from ribosomes either with CsCl or with 
ethanol and NH,Cl. Neither the resulting protein-deficient 
particles nor the separated proteins themselves are able, by 
various criteria, to interact with EF-G and GTP. However, 
this interaction can be readily restored by the readdition of 
proteins L7 and L12 to the protein-deficient particles (8, 15, 
16). These results suggest, but by no means prove, that 
EF-G interacts with these proteins on the ribosome, for it is 
known that the conformation of ribosomes is important to this 
interaction (21), and these proteins may simply promote the 
required conformation. 

The ribosome-EF-G-GDP complex forms on the 50S 
subunit (9); the present experiments demonstrate that of anti- 
bodies prepared against 30 individual purified 50S ribosomal 
proteins (thus far, preparation of the remaining four anti- 
bodies has not succeeded for technical reasons), only anti- 
bodies produced in response to proteins L7 and L12 prevent 
formation of this complex. In addition, we have tested anti- 
bodies prepared against 20 of the 21 30S proteins, and found 
all of them to be without inhibitory activity. These results, 
taken together with the fact, as mentioned above, that the 
presence of proteins L7 and L12 on ribosomes is required for 
this interaction, lead us to conclude that these proteins, and 
probably only these proteins, comprise the physical region of 
contact between elongation factor G and ribosomes. However, 
we have no information with respect to the possible involve- 
ment of the four 50S proteins for which we are presently 
unable to obtain antisera. 
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TABLE 2. The effect of IgG binding (specific for 30S 
proteins) on the formation of the 
ribosome: EF-G:- |*H |GDP complex 





Ribosomal protein specificity 
of IgG preparation 


% (*H)]GDP binding 





Sl 116 
2 123 
122 

115 

104 

150 

97 

96 

119 

125 

128 

116 

149 

S14 124 
S15 108 
S16 119 
S17 N.D. 
S18 132 
S19 101 
$20 99 
S21 118 





The reaction conditions were as described in Table 1. 


Proteins L7 and L12 are, in several respects, unique among 
ribosomal proteins. (¢) They are acidic, while the majority of 
ribosomal proteins are basic (22-24). (a) Their amino-acid 
compositions are distinctive: each contains e-N-monomethyl- 
lysine and about 25 mol % alanine (22-24). (tii) Compared 
to other ribosomal proteins, they have a high a-helix content 
(about 50-60%) (24, 25). (w) Proteins L7 and L12 are im- 
munologically identical (18) and, except for an N-acetyl- 
blocked terminal serine in L7, they appear to be identical in 
sequence (26, 27)"". Such extensive structural homologies be- 
tween other ribosomal proteins have not been found. (v) To- 
gether, proteins L7 and L12 appear to be present in at least 
two, but probably three, copies per 50S subunit (18, 26, 28, 
29) §§, while the majority of ribosomal proteins appear to be 
present in one or fewer copies per particle (3, 28) §§. 

GTP is hydrolyzed in at least three distinct steps of protein 
synthesis. During initiation, it is required for the binding of 
fMet-tRNA to 30S subunits, and its hydrolysis is mediated 
by initiation factor IF-2 and requires the addition of 50S 
subunits. In elongation, GTP hydrolysis occurs during EF-Tu- 
mediated aminoacyl-tRNA binding, and during EF-G- 
mediated translocation. In the first case hydrolysis requires 
the 50S subunit, and in the second it can occur entirely upon 
this subunit. Three independent lines of evidence suggest 
that at least these latter two hydrolytic events involve a 
common region of 50S subunits. (¢) Thiostrepton, an anti- 
biotic that binds to 50S subunits, prevents both the EF-G- 
and EF-Tu-associated hydrolyses (30). (ii) Protein L7 and/or 
L12 are required for both reactions (15, 16). (ii) The two 


§§ Thammana, P., Weber, H. J., Deusser, E., Maschler, R., 
Kurland, C. G., Stéffler, G. & Wittmann, H. G., Nature, in press. 
‘% Terhorst, C., Méller, W., Laiirsen, R. & Wittmann-Liebold, 
B., Eur. J. Biochem., submitted for publication. 
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Complex Formation (%) 


Molar Ratio (IgG / Ribosome) 


Fic. 1. Concentration dependence of the effect of IgG on the 
formation of the ribosome- EF-G- [H]GDP complex. Conditions 
are described in the text. 


hydrolytic reactions cannot occur simultaneously on a single 
ribosome (2, 11-13). Additionally, it has recently been sug- 
gested that GTP hydrolysis during initiation might also 
involve this ribosomal s‘te (31). 

In the light of these relationships and the observations 
reported here, an attractive hypothesis is that proteins L7 
and L12, perhaps present as a triad, constitute a “universal” 
GTPase region on the ribosome. In combination with either 
EF-G or EF-Tu, proteins L7 and L12 would participate in 
GTP hydrolysis and, in some way, transduce the energy de- 
rived from these hydrolyses to the ribosome so as to promote 
the conformational changes required for translocation and 
for aminoacyl-tRNA binding, respectively. 

Whatever the case, it is clear that ribosomal protein- 
specific antibodies will be of considerable importance in 
defining the functional and structural topology of the ribo- 


some. 
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ABSTRACT During CsCl isopycnic centrifugation at 
20 mM Mg**, Escherichia coli 30S ribosomal subunits 
specifically lose proteins Sl, S2, 53, S5, 59, S10, and S14. 
The resultant 30S core is unable to stimulate the GTPase 
activity of EF-G in the presence of 50S subunits. Activity 
could be restored to a small extent by adding back 
S52, 55, or S9. However, when S5 and S9 were added to- 
gether, they cooperatively produced 30S particles 1.5 
times more active than the original native 30S subunits. 
The small amount of activity restored by S2 was simply 
additive to that restored by 55 or 89. None of the other 
split proteins showed any restoring capability. Ability 
of the various protein-deficient 30S particles to couple with 
50S subunits corresponded closely to their activity in the 
EF-G GTPase reaction. It is concluded that 55 and S89 to- 
gether enable the 30S subunit to participate in the forma- 
tion of a GTPase-active 30S-50S-EF-G complex. 





Elongation factor G(EF-G) is essential for ribosomal poly- 
peptide synthesis. Its presence is required for expression of a 
GTPase activity involved in translocation of the peptidyl- 
tRNA from the acceptor to the donor site of a ribosome. 
The ribosome-EF-G GTPase activity can be manifested also 
in the absence of elongation or of amino-acyl-tRNA and 
mRNA (1). In 1966, Nishizuka and Lipmann (2) found that 
both ribosomal subunits participate in this GTPase reaction. 
Since then, most work has pointed out the central role of the 
50S ribosomal subunit in the interaction of ribosomes with 
EF-G (3-5). As will be shown in this communication and in 
more detail elsewhere, the level of GTPase activity is, however, 
dependent upon the additional presence of the 30S subunit. Re- 
cently, proteins L7 and L12 from the 50S subunit were found 
to be required for the EF-G GTPase reaction (6, 7). We now 
report our studies on the 30S subunit designed to determine 
its active components in this GTPase reaction. 

Hosokawa et al. (8) and Staehelin and Meselson (9) have 
shown that CsCl isopyenie centrifugation of 30S subunits 
produces protein-deficient cores and a fraction of seven spe- 
cific split proteins—S1, S2, 83, 85, 89, S10, and 814 (10-13)— 
neither of which can substitute for the 30S subunit in protein 
synthesis. Recombined, however, they form fully functional 
30S subunits. The 308 cores specifically lack the ability to bind 
mRNA and, in turn, cannot bind tRNA (10, 14). We have 
now observed that this 30S core is also inactive in promoting 
the ribosome-dependent GTPase activity of EF-G, apparently 
due to a failure to couple with 50S subunits. A test of the puri- 
fied split proteins for their ability to restore this activity has 
shown 85 and 89 to be the necessary components for restora- 
tion. 

MATERIALS AND METHODS 


EF-G and Ribosomal Particles. Pure EF-G and 708 ribo- 
somes were isolated from Escherichia coli B/2 as described 


(15). The NH,Cl-washed ribosomes were separated into 30S 
and 50S subunits by sucrose density gradient centrifugation 
at 0.56 mM Mg** with a Spinco 15 Ti rotor, and further puri- 
fied by another zonal centrifugation in a Spinco 14 Ti rotor. 
The 30S subunits were 99% pure and the 50S subunits were 
96-97% pure, as measured by sedimentation in linear 7-30% 
sucrose density gradients. The 30S cores were prepared by 
CsCl density gradient centrifugation of 30S subunits in the 
presence of 20 mM Tris: HCl (pH 7.8)-20 mM MgCl.-7 mM 
2-mercaptoethanol (16). The CsCl was optical grade from the 
Harshaw Chemical Co. All ribosomal particles were stored at 
—35° in 10 mM Tris-HCl! (pH 7.8)-10 mM MgCl,.-15 mM 
KCl-15 mM NH,CI-50% glycerol. One Acg unit was taken to 
represent 25 pmol of 708, 39 pmol of 508, or 67 pmol of 308 
particles (7). 


Split Proteins. Individual split proteins were purified from 
total 30S protein extracted with LiCl-urea (17) by a scheme 
inspired by methods that have been used by Nomura, Traut, 
and Wittmann (11, 18, 19). A correlation of the different 30S 
protein nomenclatures used by these groups is given in ref. 13. 
All chromatography was performed at 4° in a 10 mM Na- 
phosphate buffer containing 3 mM 2-mercaptoethanol and 6 
M urea (reagent grade, Merck), which had been freshly de- 
ionized. The pH was adjusted with NaOH to the desired value. 
Proteins $1 and S2 were separated from the other 30S proteins 
by chromatography on DEAE-cellulose (Whatman DE 52) at 
pH 8.0 with a linear 0-200 mM LiCl! gradient. $1 and S2 were 
then individually purified from minor contaminants by elu- 
tion from CM-cellulose (Whatman CM 52) at pH 5.6 with a 
linear 0-200 mM LiCl gradient. The 30S proteins that did not 
absorb to the DEAE-cellulose at pH 8.0 were applied to a 
column of carboxymethy! (CM)-cellulose at pH 5.6 and eluted 
with a linear 80-425 mM LIC! gradient. So chromatographed, 
$3 and S14 were essentially pure, S9 was still somewhat con- 
taminated, and S85 and $10 were mixed with one another. S89 
was purified by CM-cellulose chromatography at pH 6.6 with 
a linear gradient of 150-250 mM LiCl; 85 was separated from 
$10 by CM-cellulose chromatography at pH 3.8 with a linear 
75-200 mM LiCl gradient. After being concentrated to about 
1 mg/ml with Aquacide II (Calbiochem), the proteins were 
stored at 4° in 50 mM Tris- HCl] (pH 7.8)-2 M NH,Cl-3 mM 
2-mercaptoethanol. Purity of the proteins was monitored at 
all steps by polyacrylamide gel electrophoresis at pH 4.5 in 8 
M urea (20). So judged, the isolated split proteins were more 
than 95% pure and contained no cross-contamination. Pro- 
tein concentrations were measured by the method of Lowry 
et al. (21) with crystalline bovine-serum albumin as standard. 
Molecular weights of 81, 82, 83, 85, S89, S10, and S14 were 
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Ability of S82, 85, and S9—individually and in all possible combinations—to restore activity in the ribosome-EF-G GTPase 


reaction to CsCl-prepared 30S cores as a function of the time of reconstitution at 42°. Each reconstitution mixture contained 8 pmol of 
30S cores and a 1.2-molar excess of each of the split proteins, added as indicated in the figure. To assay GTPase activity after reconstitution 
10 pmol of native 50S subunits was added to each reaction mixture. As controls, the 50S subunits were assayed alone (X ) and in the pres- 


ence of either (@) 30S core or (A) native 308 particles. 


assumed to be 65,000, 30,000, 32,000, 24,000, 21,000, 16,000, 
and 15,600, respectively (22). 


Reconstitution and GTPase Assay. For reconstitution of 
308 particles, the 20-ul reaction mixture contained 0.12 Ago 
units of CsCl 30S cores (8 pmol) and various concentrations 
and combinations of the individual split proteins in 10 mM 
Tris-HCl (pH 7.8)-25 mM MgCl.-300 mM NH,Cl-5 mM 
KCIl-1 mM mercaptoethanol-12% glycerol. After incubation 
at 42°, 0.25 Ass units of 50S subunits (10 pmol), 5.0 ug of 
EF-G (60 pmol), and 5.0 nmol of [y-82P ]GTP (43-63 Ci/mol, 
prepared as in ref. 7) were added to the reaction mixture, 
which was then brought to a final volume of 75 ul containing 
the following concentrations: 100 mM Tris: HCl (pH 7.8)-26 
mM MgCl.-80 mM NH,Cl-2 mM KCl-15 mM mercapto- 
ethanol-3% glycerol. GTPase activity was measured as the 
amount of **P; liberated during a 15-min incubation at 30° (7). 


30S-50S8 Reassociation. Ability of the various 30S particles 
to couple with 50S subunits was measured by sedimentation in 
linear 7-30% sucrose gradients in 20 mM Tris-HCl (pH 7.8)- 
20 mM MgCl.-30 mM NH,CI-30 mM KCI. For this proce- 
dure, the 20-ul reconstitution mixture described above was 
doubled in volume and constituents and incubated 20 min at 
42°. After addition of 0.50 Asg units of 50S subunits along 
with 250 ul of 25 mM Tris-HCl (pH 7.8)-20 mM MgCl.-50 
mM NH,Cland incubation for 10 min at 30°, the mixtures were 
layered on the sucrose gradients. The gradients were spun for 
3 hr at 38,000 rpm at 4° in a Spinco SW40 rotor, and the 


resultant absorption patterns at 254 nm were measured with 
an ISCO fractionator connected to an external Servogor 
recorder. 


RESULTS 


Role of 30S subunits in the EF-G-dependent 

GTPase reaction 

As shown in Table 1 and Figs. 1 and 2, preparations of 50S 
ribosomal subunits that were contaminated 3-4% with mea- 
surable 30S subunits possessed a small residual capability to 
promote the EF-G-dependent hydrolysis of GTP. Upon 
addition of native 30S subunits at a 0.8 molar ratio to the 
50S subunits, the GTPase activity increased 10-fold or more. 
Results to be published elsewhere show that the GTPase 
activity can be further increased when more 30S subunits are 
added, a plateau in activity being reached only after 30S sub- 
units are present at a several-fold excess over the 50S. 


Activity of protein-deficient 30S particles 

in the GTPase reaction 

Under our EF-G GTPase assay conditions, designed to mea- 
sure the full stimulatory activity of the average 30S subunit by 
including a slight—but sufficient—excess of 50S subunits, 
little or no activity was observed for CsCl-prepared protein- 
deficient 30S cores (Table 1). This variation in activity de- 
pended upon the individual 30S core preparation; the best 
preparations were made at 10-20 mM Mg**, as opposed to 
40 mM Mg?**. Residual activity, when present, could be 
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lowered or eliminated by a second centrifugation in CsCl. 
Addition of all purified split proteins, each at a 1.2-molar 
excess over core, produced 30S particles more active in the 
GTPase reaction than the original 30S subunits. Without the 
305 core, the split proteins showed no ability to stimulate the 
GT Pase reaction. 

To determine which of the split proteins were essential for 
restoring activity, a series of reconstitutions and assays was 
performed; a different split protein was omitted from each re- 
constitution mixture. As Table 1 shows, 85 and S89 proved to 
be the necessary components, the absence of S5 having a 
somewhat more dramatic effect than that of 89. Only minor 
variations from the activity of the fully reconstituted 30S 
particles were observed upon omission of any one of the other 
five split proteins. The requirement for 85 and S89 was in- 
dependent of Mg** concentration over the range (10-20 mM) 
tested. 


Restoring ability of individual split proteins 

The lack of restored 30S activity in the EF-G GT Pase reaction 
in the absence of proteins 85 and S9 naturally leads to the 
question: can they alone impart activity to the cores? Fig. 1A 
shows that only about 13% of the native 30S activity could 
be restored by either S5 or S9 alone at the 1.2-molar excess of 
protein over core used. Combined, however, the action of S85 
and S89 proved to be extremely cooperative; particles 1.5-times 
more active than the native 30S control were produced. The 
reason for this greater activity is unclear since one copy of 
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Fic. 2. The individual ability of proteins (0) 82, (O) 85, 
and (@) 89 to restore activity in the ribosome-EF-G GTPase 
reaction to 30S cores, as a function of their relative concentrations 
in the reconstitution mixture. All GTPase assays were performed 
in the presence of 10 pmol of 50S subunits. Each point represents 
the total activity observed with 8 pmol of 30S particles. These 
particles had been reconstituted in the presence of increasing con- 
centrations of the given split proteins under the following observed 
optimal conditions: a 60-min incubation at 42° with S2 and 
85, or without a 42° incubation with S9. As controls, 50S particles 
were assayed alone (X ) and in the presence of either (@) 30S core 
or (A) native 30S subunits. 
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both S5 and S9 appears to be present in the native 30S sub- 
unit (23). 

Although formation of fully active 30S particles from cores 
and proteins did not stringently require a 42° incubation, 
such an incubation was necessary to restore maximal activity 
in a reasonable period of time. The reactivation time could 
also be decreased by use of concentrations of 85 and S89 pro- 
teins higher than the 1.2-molar excess over 30S core used for 
the experiment illustrated in Fig. 1A. However, no further in- 
crease in activity of the final GTPase was observed. 

A further examination of the individual split proteins re- 
vealed that the 30S restoring ability of 85 or S9 depended upon 
their concentration in the reaction mixture. As Fig. 2 shows, 
S5 could maximally restore 38% of the native 30S activity 
when present at more than a 5-fold excess over 30S core. 
With S89, a maximum restoration of 19% of native activity 
was reached at a 2-fold excess. Surprisingly, S2 also showed 
activity, restoring 20% of the native 30S activity when present 
at a 13.5-molar excess over core, the highest ratio tested. The 
presence of S2 failed, however, to have any striking effect on 
the restoring ability of either 85 or S89, the restoration of 308 
activity in both cases being simply additive (Fig. 1B). More- 
over, $2, 85, and S9 together showed no significant increase in 
final 30S activity restored over the combination of 85 and 89 
alone. However, with S2 present, the rate at which 85 and S89 
were able to restore 30S activity in the GTPase reaction was 
markedly increased (Fig. 1A and B). 


50S coupling ability of protein-deficient 30S particles 


As a step toward elucidation of the mechanism by which S85 
and S89 restore activity to 30S cores in the ribosome-EF-G 
GTPase reaction, the various protein-deficient 30S particles 
were tested for their ability to associate with 50S subunits, as 
judged by the production of particles sedimenting faster than 


Activity of various split protein-deficient 30S particles 
in the ribosome-EF-G GTPase reaction 


TABLE 1. 





mol of GTP 
hydrolyzed 
per mol of 30S 


308 particles Partie les 





Native 30S 82.: 
308 core 4.: 
30S core + : 9,810,814) 92 
30S core : soins 314) 79 
308 core $10,814) 83 
30S core $10,814) 85 
30S core o S14) 15.% 
30S core 2,53,8: 29.8 
30S core 3,55,S% 81.! 


~~ 


30S core 2,53,85,89,8 -- 75. 





Protein-deficient 30S cores prepared by CsCl isopycnic centri- 
fugation of native 30S subunits were incubated with a 1.2-molar 
excess of each of the given split proteins and tested in the pres- 
ence of a 1.25-molar excess of native 50S subunits for activity 
in the EF-G-dependent GTPase reaction. When the 50S subunits 
were assayed alone, 5.4 mol of GTP were hydrolyzed per mol of 
50S subunits; this background activity has been subtracted 
from the values given in the table. When all split proteins were 
tested only in the presence of 50S subunits and the background 
was subtracted, 0.3 mol of GTP was hydrolyzed per mol of 50S 
particles. 
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50S coupling ability of protein-deficient 30S particles as measured in linear 7-30% sucrose gradients containing 20 mM Mg**. 


The gradients were layered with mixtures containing native 50S subunits incubated together with either (A) native 30S subunits, (B) 
CsCl 30S cores; or with 30S particles reconstituted from 30S cores and (C) all seven split proteins, (D) all split proteins except 85, (2) 
all split proteins except S9, (F) all split proteins except S10, (@) S5 alone, (H) S5 and S9 together. Each split protein was present at a 
1.2-molar excess over 30S core during reconstitution except for S5 in (@), which was present at a 3-fold excess. Centrifugation conditions: 


Spinco SW40 rotor, 38,000 rpm, 3 hr at 4°. Absorption at the top of the gradients was due to the presence of mercaptoethanol in the 30S 


reconstitution mixture. 


505 in sucrose density gradients. In direct correlation with the 
GTPase results, 30S cores failed to associate with 50S sub- 
units (Fig. 3B) but could be restored to full activity upon 
addition of all seven split proteins (Fig. 3A and C). Again, 
this restoration depended primarily upon the presence of pro- 
tein $5 (Fig. 3D) and, to a lesser extent, upon that of 89 (Fig. 
3E). No difference in restored 50S coupling ability was ob- 
served when either S1, S2, 83, or S14 was omitted from the 
mixture of split proteins; sedimentation patterns identical 
with Fig. 3C were obtained in each case. Upon omission of 
510, however, a small but reproducible stimulation in coupling 
occurred (Fig. 3F). Although this apparent inhibition of 
308-508 association by $10 may be physiologically significant, 
it is more likely due to nonspecific binding of 810, which is 
known to aggregate readily (18), to the ribosomal subunits. 

Alone, 85 at high molar ratios to core could impart a small 
amount of 50S coupling activity (Fig. 3G); but, as with GTP- 
ase activity, 89 together with S5 was required to restore es- 
sentially full 508 coupling ability to the 30S cores (Fig. 3H). 

Our failure to observe a sedimentation constant of 70S for 
reassociated 308-508 subunitsis probably due to a combina- 
tion of great hydrostatic pressure during the high-speed sedi- 
mentation analysis (24) and to weakened interaction between 
subunits in the absence of MRNA and tRNA. 


DISCUSSION 


Our experimental results point out the importance of 30S 
subunits in the ribosome-EF-G GTPase reaction and show 
that their activity depends upon the presence of proteins S5 


and 89. Proteins $1, $3, $10, and $14 are dispensible—at least 
in the 10-20 mM Mg?** range tested. In general, S2 is also 
dispensible; however, it does appear capable of inducing a 
minor amount of 30S activity that becomes apparent in the 
absence of S5 and 89. 

Because the 50S coupling ability of the various protein- 
deficient particles tested corresponded almost directly to their 
activity in the EF-G GTPase reaction and because the 50S 
subunit is known to bind EF-G under several experimental 
conditions (3, 4), 85 and 89 undoubtedly function by enabling 
the 30S subunit to participate in the formation of'a GTPase- 
active 30S-50S—-EF-G complex. Such a central role for $5 and 
$9 in protein synthesis is in agreement with the low capability 
of 30S particles reconstituted in the absence of either 85 or S9 
to participate in protein synthesis, as determined by Nomura 
et al. (11). 

The tempting possibility exists that S5 and S89 sit at the 
305-508 interface and in so doing directly regulate or help 
mediate the GTPase reaction. In support of this possibility, 
Huang and Cantor (25) have recently found 85 and 89 to be 
among six 30S proteins strongly shielded by the 50S subunit 
from reaction with fluorescein isothiocyanate. Alternatively, 
binding of S5 and S9 may simply induce conformational 
changes that activate other portions of the core responsible 
for coupling with 50S and stimulation of the GTPase reaction. 

The extreme cooperativity of S5 and S9 in activating the 
30S core is most exciting in light of the recent finding by Bickle 
et al. (26) that S5 and S9 can be crosslinked by reaction of 
30S subunits with bis-(methyl)suberimidate and are, there- 
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fore, close neighbors. This result suggests that 85 and S89 inter- 
act directly, perhaps inducing conformational changes in one 
another that enable the 30S to couple with the 50S subunit. 
That the cooperativity shown by 85 and 89 is not due to any 
interdependency in binding to the 30S subunit during re- 
constitution has been observed by Mizushima and Nomura 
(12). 

The fact that 55 plays a vital role in the ribosome-EF-G 
GTPase reaction is consistent with earlier work on the anti- 
biotic spectinomycin. Spectinomycin appears to inhibit protein 
synthesis by blocking some aspect of ribosomal translocation 
(27), and S5 has been identified as the component responsible 
for the sensitivity of ribosomes to this antibiotic (28). 

Our results indicate that 82 plays some role in the GTPase 
reaction and also facilitates the reconstitution of 30S particles 
by 85 and S89. These activities cannot be explained by con- 
tamination. It is interesting to note that S2 has also been indi- 
cated to contribute to the aminoacyl-tRNA binding site (29). 

The results reported here do not affect the fact that the 
GTP cleavage center seems to be localized on a 508S-EF-G 
complex (3-5) but point out the great importance of 55 and 
89 from the 30S subunit in the EF-G-ribosome GTPase reac- 
tion. Elucidation of the mechanism of the EF-G-ribosome 
GTPase reaction during elongation can be expected only when 
the role of the different components has been clarified with 
respect to the complete system, which alone allows poly- 
peptide synthesis. 

We thank Drs. G. Chinali and G. Sander for critically review- 
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ABSTRACT The question of whether or not a cellular 
ribonuclease is involved in the cleavage of 16S ribosomal 
RNA by colicin E3 was investigated. For this purpose 
ribosomes from strains devoid of some ribonucleases or 
ribosomes in which ribonucleases had been inactivated by 
heat or removed by extensive washings were used for the 
colicin reaction. Since the 16S RNA of all these different 
ribosomes, and even of the most extensively washed ribo- 
somes, was cleaved by colicin E3, it is suggested that cellu- 
lar ribonucleases are not involved in colicin E3 action. 
Thus, colicin E3 seems to be a unique endoribonuclease. 





Colicin E3 (1) cleaves 16S ribosomal RNA from Escherichia 
coli into two unequal fragments (2-4). The smaller fragment is 
about 50 nucleotides long and contains the 3’ end of the mole- 
cule (2, 3). The cleavage reaction can take place in vivo after 
infection of sensitive E. coli cells with colicin (2, 3), or in vitro 
by incubation of ribosomes with colicin (4, 5). The reaction 
requires the presence of both ribosomal subunits (6, 7). 
Purified 165 ribosomal RNA is not cleaved by colicin E3 
(2, 4). Moreover, colicin E3 has not been reported to possess 
any other ribonuclease activity. 

Under the reported conditions for in vitro colicin action on 
ribosomes (4, 6-8) there are a number of known, and perhaps 
several unknown, ribonucleases that are still attached to the 
ribosomes. Therefore, it is possible that an adventitious 
ribonuclease is involved in colicin action. We shall consider 
here the following possibilities: (a) Colicin itself is the ribo- 
nuclease and has a unique substrate specificity; (b) Colicin 
activates a pre-existing ribonuclease to function as a very 
specific endoribonuclease; (c) Colicin, in conjunction with a 
ribosomal protein(s) becomes a ribonuclease, which is an 
elaboration of the first possibility. The experiments reported 
here suggest that either possibility a or c is the most likely 
explanation of colicin action. 


MATERIALS AND METHODS 


Ribosomes from Escherichia coli strains D10 (8), MRE 600 
(9), and N7060 (10) were used for in vitro colicin assays. 
These strains are all devoid of ribonuclease I (8-10). Strain 
N7060 is further characterized by a thermolabile ribonuclease 
II and a modified polynucleotide phosphorylase (10). Highly 
purified colicin E3 was kindly provided by Dr. D. R. Helinski 
(this preparation did not have any measurable ribonuclease 
activity). Colicin E3 activity was assayed according to 
Herschman and Helinski (11), by use of the colicin-sensitive 
strain D10. Kodak x-ray film (NS2T, 12.5 X 17.5 cm) was 
used for autoradiography. Carrier-free H;**PO, (50 mCi/ml) 
was purchased from New England Nuclear Corp. 


Isolation of Ribosomes from Colicin-Sensitive Cells. Cells of 
strain D10 were grown at 37° in 500 ml of mimimal medium 
(per liter: 14.5 g Tris, 100 mg MgSO,, 500 mg NaCl, 150 mg 
KCl, 500 mg NH,Cl, adjusted to pH 7.4 with HCl) containing 
0.2% glucose, 25 mg of t-methionine, and 16 mg of KH2PO,. 
In this medium phosphate limited the growth of cells. They 
were labeled by the addition of carrier-free H3;°*PO, (5 mCi) at 
an Ago of 0.15 and harvested at an Asgo of 0.7, together with 
unlabeled cells of strain D10, grown in 2.5 liters of minimal 
medium containing 40 mg of KH2PO, per liter. The cells were 
washed twice in TM2 buffer [0.01 M Tris- HCl (pH 7.5)-0.01 
M magnesium acetate]. Cells of strain N7060 and MRE600 
were grown at 37° (each) in 100 ml of phosphate-deprived rich 
medium (8 g of Difco Nutrient Broth and 8 g of Difco Cas- 
amino Acids per liter; inorganic phosphate was precipitated 
with 66 ml of 1 M MgCl. at pH 10.5; the pH of the filtrate was 
readjusted to pH 7.0 with HCl). (This medium was developed 
by Dr. D. Stroman from this laboratory.) Cells were labeled by 
the addition of carrier-free H3**PO, (2 mCi) at an A s60 of 0.15. 
The cultures were harvested at an Asgo of 1.0 and mixed with 
unlabeled cells of the same strains, grown in 400 ml (each) of 
rich medium at 37°. Cells were washed twice in TM2 buffer. 

All subsequent steps in the preparation of ribosomes were 
done at 4°. Cells were ground with alumina (12) and extracted 
with TM2 buffer with the addition of 1 mM dithioerythritol. 
The clarified extract (20,000 X g) was centrifuged in a fixed- 
angle rotor for 2 hr at 200,000 X g. The pellet was resuspended 
in TMA buffer (TM2 buffer containing 0.03 M NH,Cl). This 
suspension was centrifuged as before. 


Ribosome Washings. Ribosomes of strain D10, as obtained 
above, were resuspended in TMA buffer containing 0.3 M 
NH,Cl (650 Aces units/ml; 2 X 10° epm/Aoeo unit). This sus- 
pension was clarified by low-speed centrifugation (20,000 x 
g), then centrifuged for 2 hr at 200,000 x g. The pellet was 
resuspended in TMA buffer and NH,Cl was added to a final 
concentration of 1 M. The clarified suspension was centrifuged 
for 2 hr at 200,000 X< g. Four washes in 1 M NH,Cl were 
performed successively in the same way. The last pellet was 
resuspended in TMA buffer, layered on top of a linear sucrose 
gradient (5-20% in TMA buffer) and centrifuged 10 hr at 
200,000 x g. The pellet was resuspended in TMA buffer. This 
step was repeated. Finally the ribosomes were dialyzed against 
TMA buffer and stored at —70°. At each step a sample was 
withdrawn, dialyzed against TMA buffer, and stored at —70° 
for further analysis. (1 unit of ribosomes corresponds to an 
Aow of 1.0). 
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Isolation of Ribosomal Proteins. Ribosomal proteins were 
isolated with 2M LiCl-4 M urea (13) or with acetic acid (14) 
from ribosomes that had been washed four times in 1 M 
NH,Cl, and from those centrifuged two additional times 
through sucrose. 


Assays for Ribonuclease II, ribonuclease III, and Poly- 
nucleotide Phosphorylase. RNase II was assayed according to 
Singer and Tolbert (15) in 0.01 M Tris- HCl (pH 7.6)-0.1 M 
KCl-2 mM magnesium acetate. The mixture contained 1 yg of 
[*H |poly(adenylie acid) (about 3500 cpm) per assay (25 yl). 
After 30 min of incubation at 37°, the reaction was stopped by 
addition of 50 ul of unlabeled carrier RNA [yeast RNA (5 
mg/ml), 0.1 M Tris-HCl (pH 7.6)-0.6 M NaCl] and 1 ml of 
cold 80% ethanol. The mixtures were allowed to stand in ice 
for 30 min and then centrifuged. 0.5 ml of the supernatant 
solution was taken for radioactivity counting (in a Packard 
scintillation counter) in 10 ml of Bray’s (16) scintillation 
fluid. 

RNase III was assayed for 2 hr at 37°, according to the 
method of Robertson, Webster, and Zinder (17), with 6 ug of 
poly(C)- (1) per assay (50 wl). The reaction was stopped by 
addition of 50 wg of unlabeled carrier RNA and 1 ml of cold 
70% ethanol. The assay mixtures were processed as for RNase 
Il. 

Polynucleotide phosphorylase (EC 2.7.7.8) was assayed for 
60 min at 37°, according to Chou and Singer (18), with 2 ug of 
poly(adenylic acid) as substrate and 20 mM phosphate (in- 
cluding {**P }phosphate [about 5 X 104 epm per assay }). 


Assay for Colicin E3 Action. Under standard conditions 0.4 
unit of **P-labeled 70S ribosomes in TMA buffer was mixed 
with 1.2 ug of purified colicin E3 (1200 units; ref. 11) in 
TMAI buffer (TMA buffer containing 6 mM 2-mercapto- 
ethanol). TMAI buffer was added to give a total volume of 15 
ul. After incubation for 30 min at 37°, sodium dodecy] sulfate 
(final concentration 0.1%), EDTA (final concentration 2 
mM), sucrose (final concentration 20%), and bromphenol 
blue (dye marker) were added. After 20 min of incubation at 
room temperature, the samples were applied to 12% poly- 
acrylamide slab gels (see below) and run in Tris-glycine buffer 
(pH 8.6) for 3 hr at 100 V. After it was dried the gel was ex- 
posed for 12 hr to an x-ray film. 


Polyacrylamide Gel Electrophoresis. RNA was analyzed in 
slab gel systems (100 X 145 X 1.5 mm) (2, 5, 19) in 3.2 and 
12% polyacrylamide gels. To separate large RNA molecules, 
3.2% polyacrylamide gels were prepared in 0.04 M Tris- 
acetate buffer (pH 7.6). Acrylamide (recrystallized in chloro- 
form) and bisacrylamide (recrystallized in acetone) were used 
at a ratio of 15 to 1; TEMED (N,N,N’‘N’-tetramethylethyl- 
enediamine) and ammonium persulfate were added to a final 
concentration of 0.08%. Electrophoresis was run in 0.04 M 
Tris-acetate buffer (pH 7.6) containing 0.2% sodium dodecyl 
sulfate for 3 hr at 100 V. 12% Polyacrylamide gels were 
prepared in 0.375 M Tris-HCl buffer (pH 8.9). The gel 
contained acrylamide and bisacrylamide at a ratio of 30 to 0.8, 
TEMED 0.03%, and ammonium persulfate 0.09%. After 
polymerization, a stacking gel was applied on top of the 
separation gel (about 15% of the total volume). This gel 
contained 5% acrylamide in 0.06 M Tris- HCI buffer (pH 6.7) 
bisacrylamide at the same ratio to acrylamide as in the separa- 
tion gel, TEMED, and ammonium persulfate at a final 
concentration of 0.06%. Samples were run in Tris-glycine 
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buffer (pH 8.6) (5.9 g Tris, 29 g glycine per liter) for 3 hr at 100 
V and 4°. 


RESULTS 
Analysis of colicin E3 action 


There are two ways to show colicin E3 action, to demonstrate 
the appearance of the small RNA fragment (2, 5), or to show 
that the 16S rRNA is decreased in size (4). In the studies 
reported here we used the first method. Low molecular weight 
RNAs were separated from large RNA molecules and from 
one another in 12% polyacrylamide slab gels with 5% acryl- 
amide stacking gels on top of them. This system apparently 
concentrates each RNA species in the stacking gel before it 
moves into the separation gel [as is the case for proteins (20, 
21)] and, thus, results in better separation of small RNA 
species as compared to electrophoresis where only a separation 
gel is used. 

To test for colicin E3 action on ribosomes, *P-labeled 
ribosomes were prepared and incubated with colicin. After 
addition of sodium dodecyl sulfate and EDTA, the RNA 
species were analyzed on 12% polyacrylamide slab gels. Ribo- 
somes without colicin (control) show 238 rRNA, 168 rRNA 
(better resolved in 3.2% gels), 48 RNA, and smaller material 
that migrates with the dye marker, (see Figs. 1-3). The ap- 
pearance of an additional, distinct RNA piece (E3-fragment) 
is absolutely colicin-dependent. The fragment is smaller than 
45 RNA; we never found it in any control devoid of colicin. 
Colicin itself did not show any nuclease activity when it was 
incubated with **P-labeled total F. coli RNA. 

The formation of E3-fragment was assayed in the linear 
range of colicin activity (Fig. 1). Under standard conditions 
for colicin action, enough **P-labeled E3-fragment was released 
to cause a clearly visible spot on an autoradiogram after a 
given time of exposure to the film. Reduction of the concentra- 
tion of colicin decreased the intensity of this spot. This is 
shown in Fig. 1, in which ribosomes washed in TMA buffer 
were used. Similar results were obtained with well-washed 
ribosomes (twice in 1 M NH,Cl). 


Are ribonucleases involved in colicin action? 


It is possible that colicin acts by activating one of the cellular 
ribonucleases. We tested this hypothesis for known RNases. 
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Fic. 1. Formation of colicin E3-fragment as a function of 
colicin concentration. **P-Labeled ribosomes from strain D10 
washed in TMA buffer were incubated with different concentra- 
tions of colicin (as indicated) under standard assay conditions 
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Fic. 2. Action of colicin E3 after heat inactivation of RNase 
II activity. **P-Labeled ribosomes from strain N7060 washed in 
TMA buffer (0.55 unit) were incubated for 2 hr at 37° with 5 ug 
of colicin. (Similar results were obtained with standard levels of 
ribosomes and colicin.) In this experiment the stacking gel was 
shorter than usual; therefore, 238 RNA is not clearly separated 


from 168 RNA. 
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To find out whether ribonuclease I (EC 2.7.7.8) is involved in 
the process, **P-labeled ribosomes from strains D10 and 
MRE600, both devoid of RNase I, were prepared and assayed 
in the colicin reaction. The 16S rRNA from both strains was 
cleaved by colicin E3. (The experiments in Figs. 1 and 3 were 
done with strain D10; similar results were obtained with 
ribosomes from strain MRE600.) This same result was shown 
by Bowman et al. (2, 5) for E. coli Q13, which has a low level of 
RNase I (8, 22). Therefore, we conclude that RNase I does not 
participate in colicin action. 

To test for RNase II we used ribosomes of strain N7060, 
which possesses a heat-labile RNase II enzyme (10). As shown 
in Fig. 2, colicin action can be observed even after ribosomes 
have been heated at 55° for 0.5 hr, conditions that completely 
inactivate RNase II (Table 1) but leave the ribosomes func- 
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Fic. 3. Colicin E3 action on differently washed ribosomes. 
Number of washes with 1 M NH,Cl in TMA buffer as indicated; 
+ sucrose indicates the number of additional washes in a 5-20% 
sucrose gradient in TMA buffer, as indicated. 
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tionally active (23). Moreover, since strain N7060 contains a 
modified polynucleotide phosphorylase that is also inactivated 
under these conditions (refs. 10, 22, and Krishna, unpublished 
observations), we conclude that these two enzymes, RNase II 
and polynucleotide phosphorylase, are not involved in colicin 
E3 action. Th. conclusion is further supported by the experi- 
ments discussed below. 

In order to find out whether any other known, or even an 
unknown, RNase is involved in the reaction, **P-labeled 
ribosomes from strain D10 were washed extensively to remove 
attached RNases. Ribosomes were washed twice in TMA 
buffer, once in TMA buffer containing 0.3 M NH,CIl, then four 
times in TMA buffer containing 1.0 M NH,Cl, followed by two 
centrifugations through 5-20% sucrose gradients (see Meth- 
ods). Colicin action on the differently washed ribosomes was 
tested (Fig. 3), and their ribonuclease (II, III, and poly- 
nucleotide phosphorylase) activities were measured. We found 
(Table 2) high RNase II activity on the ribosomes washed in 
TMA buffer and about 12% RNase II activity even on those 
ribosomes washed once with 1 M NH,;Cl. No measurable 
RNase II activity could be detected on the extensively washed 
ribosomes. Essentially the same result was obtained for 
RNase III and polynucleotide phosphorylase activities on 
ribosomes from the last three steps of the washing procedure. 
Since of these enzymes RNase II sticks most tenaciously to the 
ribosomes (15, 17, 24), we show in Table 2 the data for ribo- 
nuclease activity under RNase II assay conditions. Ribosome 
concentrations and incubation times were comparable to those 
used in the standard colicin assay. For samples with low 
activities, the assays were performed more rigorously (higher 
concentrations of ribosomes and 2 hr of incubation), and the 
results were normalized for colicin assay conditions. Although 
there is no detectable RNase activity left on the well-washed 
ribosomes, they are still cleaved by colicin E3 under standard 
conditions to an extent similar to that of unwashed ribosomes 
(Fig. 3). 

To find out whether or not there might be a hidden ribo- 
nuclease activity in the ribosomes, we extracted the ribosomal 
proteins from extensively washed ribosomes by acetic acid 
(14) and by LiCl-urea (13), techniques widely used for the 


Heat inactivation of RNase II on ribosomes from 
strain N7060 


TABLE 1. 





Min of RNase activity 
heating sited ames 
at 55° cpm % 
10, 200 100.0 
62 0.6 
16 0.2 





32P-Labeled ribosomes from strain N7060 were prepared as de- 
scribed in Methods. Ribosomes (108 units/ml) were heated in 
TMA buffer and kept on ice: samples were assayed for RNase II 
activity. Assays with heated ribosomes contained 0.55 unit of 
ribosomes (according to the concentration used in the colicin 
assay, see Fig. 2). For the unheated ribosomes, however, only 
6.18 units were used to determine the 100% value in the linear 
range of the assay. The data were normalized for 0.55 units. All 
data are averages of four determinations after 120 min of incu- 
bation at 37°. Blanks (without ribosomes 77 cpm; with ribosomes, 
but without substrate, 35-100 epm, from which the counter back- 
ground, 15 cpm, was subtracted ) were subtracted from each value. 
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isolation of ribosomal proteins; the LiCl-urea method is 
regularly used in experiments for reconstitution of ribosomes 
(25). These ribosomal proteins were assayed for RNase II and 
III activities. Even under assay conditions that were more 
rigorous than those in the standard colicin assay, we could not 
find any of these enzymatic activities in the ribosomal protein 
preparations (Table 3). 


DISCUSSION 


The experiments presented here suggest that colicin E3 is a 
unique endoribonuclease that can specifically cleave 16S 
rRNA when it is part of the structure of the ribosome. 

The gel electrophoresis system we used for the analysis of 
colicin action is very suitable for demonstration of the frag- 
ment that is released from 16S rRNA as a result of colicin 
action (2-4). The fact that in none of the experiments did we 
ever find a similar RNA fragment when colicin was not added 
strengthens our contention that the action of colicin is unique 
and that none of the cellular ribonucleases that sediment with 
the ribosomes can mimic it. 

Colicin E3 could degrade 165 RNA from ribosomes of 
strains that lack RNase I (ref. 5 and Figs. 1-3) or from ribo- 
somes of strains under conditions in which RNase II and 
PN Pase are inactivated (Fig. 2 and Table 1). Moreover, the 
ribosomes from strain D10 can be a substrate for colicin action 
even after very extensive washes of ribosomes (Fig. 3), when 
no measurable amounts of any known ribonuclease activity 
could be detected on the ribosomes (Table 2). Since after these 
washings only ribosomal proteins should be retained in the 
centrifuged particles (14, 26, 27}, and since we could not detect 
ribonuclease activity in the ribosomal proteins prepared from 
washed ribosomes (Table 3), we conclude that all the unknown 
ribonuclease activities were also washed away from the ribo- 
somes by these treatments. These results indicate very 
strongly that colicin, by itself or in collaboration with one or 
more ribosomal proteins, is the endoribonuclease. 

The suggestion that a cellular ribonuclease is not involved 
in the colicin E3 reaction described here should be qualified 
somewhat. Our experiments suggest that colicin can cleave 
16S rRNA, even though no ribonuclease activity can be 
detected on ribosomes. However, we can only state that these 


TaBLe 2. RNase II activity of washed ribosomes 





" RNase activity 
Number of washes ee 


in 1 M NH,Cl 


cpm % 


0 9170 100.0 
1 1060 11.6 
4 116 1.3 
4 plus 2 sucrose washes 7 0.1 





32P-Labeled ribosomes from strain D10 were prepared and 
washed. The assays for the well-washed ribosomes (4 times with 
1 M NH,CI and 4 times plus 2 sucrose washes) contained 0.4 
unit of ribosomes, and were incubated for 2 hr at 37°. The un- 
washed and once-washed ribosomes were further diluted to mea- 
sure RNase II activity in the linear range of the assay. All values 
are averages for four determinations and were normalized to 0.4 
unit of ribosomes and 30 min of incubation at 37° (according to 
colicin standard assay conditions). For blank corrections, see 
Table 1. (Blanks with ribosomes, but without substrate, varied 
for the differently washed ribosomes; 0, 135 cpm; 1, 89 cpm; 
4, 70 cpm; 4 + 2 sucrose washes, 48 cpm). 
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TaBLe 3. RNase II activity of ribosomal proteins 





. ’ RNase activity 
Extraction of iikdincieeeaaiens 
proteins cpm %° 
LiCl-urea 2! 0.27 
Acetic acid 0 0.00 
LiCl-urea 10 0.11 


Acetic acid 4 0.04 


Wash of 
ribosomes 


Four times in 1 M 
NHCl 

As above, plus two 
times in sucrose 





In these assays ribosomal froteins, equivalent to 1.2 units of 
ribosomes, were incubated at 37° for up to 120 min. The results 
were normalized for standard colicin assay conditions (proteins 
equivalent to 0.4 unit of ribosomes, 30 min at 37°) in order to 
compare the RNase activities in Tables 2 and 3. For corrections, 
see Table 1; values represent averages of four determinations. 

* The 100% value is the same as in Table 2. 


ribosomes had, at most, 0.1% of the original RNase II 
activity. (This is the ribonuclease that seems to stick to the 
ribosome most tenaciously.) If this level of activity is still on 
the washed ribosomes, then there should be about 1 molecule 
of enzyme per 3000 ribosomes. If the enzyme can act cata- 
lytically in the colicin reaction, it can be argued that even our 
best-washed ribosomes (Fig. 3) or the heated ribosomes (Fig. 
2) contained enough RNase II, or some other ribonuclease, to 
facilitate this reaction, so that no decrease in the level of the 
E3-fragment could be detected. However, this conclusion 
seems to be unlikely since a decrease of the enzyme concentra- 
tion by a factor of a thouss ad (0.1%, Table 2) should reduce 
the concentration of the product of an enzymatic activity. 
This negative conclusion is further supported by the fact 
that more E3-fragment could be obtained per unit time than 
under standard conditions when the concentration of colicin 
in the reaction mixture was increased while the amount of 
ribosomes remained constant (see Fig. 1). 

Thus, the experiments reported here suggest that none of 
the ribonucleases attached to unwashed ribosomes is involved 
in the colicin reaction. Whether or not a ribosomal protein is 
involved in the reaction (possibility c, see /ntroduction) cannot 
be answered by these experiments. 


We thank Dr. Donald R. Helinski (University of California, 
San Diego) for a gift of colicin E3, Dr. H. Raskas (St. Louis 
University) for advice concerning gel electrophoresis, Dr. M. 
Schlesinger (Washington University) for advise with autoradiog- 
raphy, and Dr. D. Stroman of this laboratory for the receipe for 
phosphate-deprived rich medium. B. M. is a recipient of a fellow- 
ship from the Deutsche Forschungsgemeinschaft. This study was 
supported by National Science Foundation Grant GB-34158. 


Nomura, M. (1967) Annu. Rev. Microbiol. 21, 257-284. 
Bowman, C. M., Dahlberg, J. E., Ikemura, T., Konisky, J. 
& Nomura, M. (1971) Proc. Nat. Acad. Sci. USA 68, 964 
968. 

Senior, B. W. & Holland, J. B. (1971) Proc. Nat. Acad. Sci. 
USA 68, 959-963. 

Boon, T. (1971) Proc. Nat. Acad. Sci. USA 68, 2421-2425. 
Bowman, C. M., Sidikaro, J. & Nomura, M. (1971) Nature 
New Biol. 234, 133-137. 

Boon, T. (1972) Proc. Nat. Acad. Sci. USA 69, 549-552. 
Bowman, C. M. (1972) FEBS Lett. 22, 73-75. 

Gesteland, R. F. (1966) J. Mol. Biol. 16, 67-84. 
Cammack, K. A. & Wade, H. E. (1965) Biochem. J. 96, 671 
680. 

Weatherford, S. C., Rosen, L., Gorelic, L. & Apirion, D. 
(1972) J. Biol. Chem. 247, 5404-5408. 





Meyhack et al. Proc. Nat. Acad. Sci. USA 70 (1973) 


160 Biochemistry: 


_ 


Reid, M. S. & Bieleski, R. L. (1968) Anal. Biochem. 22, 
374-381. 

Williams, D. E. & Reisfeld, R. A. (1964) Ann. N.Y. Acad. 
Sci. 121, 373-381. 

Ornstein, L. (1964) Ann. N.Y. Acad. Sci. 121, 321-349. 
Reiner, A. M. (1969) J. Bacteriol. 97, 1431-1436. 


Herschman, H. R. & Helinski, D. R. (1967) J. Biol. Chem. 
242, 5360-5368. 
Tissiéres, A., Watson, J. D., Schlessinger, D. & Holling- 
worth, B. R. (1959) J. Mol. Biol. 1, 221-233. 
Spitnik-Elson, P. (1964) Biochim. Biophys. Acta 80, 594- 
900. = 2 . = 
Hardy S. J. S., Kurland, C. G., Voynow, P. & Mora, G. Apirion, D. (1966) J. Mol. Biol. 16, 285 301. 

on Bas 4 9207_9007 Bothwell, A. L. M. & Apirion, D. (1971) Biochem. Biophys. 
(1969) Biochemistry 8, 2897-2905. “ P 
i M. F. & Tolbert, G. (1965) Biochemistry 4, 1319- Res. Commun. 44, 844-851. Nplaghive 
ee, ; 7 allies . Traub, P., Misushima, S., Lowry, C. V. & Nomura, M. 
1500. . . ie radia (1971) in Methods in Enzymology, eds. Colowick, S. P. & 
Bray, G. A. (1960) Anal. Biochem. 1, 279-285. Kaplan, N. O. (Academic Press, Inc., New York), Vol. XX, 
Robertson, H. D., Webster, R. E. & Zinder, N. D. (1968) J. part C, pp. 391-407. 
Biol. Chem. 243, 82-91. 26. Nomura, M. (1970) Bacteriol. Rev. 34, 228-277. 
Chou, J. Y. & Singer, M. F. (1970) J. Biol. Chem. 245, 995 27. Hindennach, I., Stéffler, G. & Wittmann, H. G. (1971) Eur. 
1004. J. Biochem. 23, 7-11. 


to 
= 


re 


tN bo bo bo 
mo 


bo 
or 





Proc. Nat. Acad. Sci. USA 
Vol. 70, No. 1, pp. 161-163, January 1973 


The Nature of the Ground States of Cobalt(IT) and Nickel(II) 


Carboxypeptidase A 


(metallocarboxy peptidase A/magnetic susceptibility/coordination geometry/spectra) 


ROBERT C. ROSENBERG*, CHARLES A. ROOT*{, RUN-HAN WANGT, MASSIMO CERDONIOf§, 


AND HARRY B. GRAY** 


* Arthur Amos Noyes Laboratory of Chemical Physics; and ¢ Alfred P. Sloan Laboratory of Mathematics and Physics; 


California Institute of Technology, Pasadena, Calif. 91109 
Contributed by Harry B. Gray, November 10, 1972 


ABSTRACT The magnetic susceptibilities of cobalt(I1) 
and nickel(II) derivatives of carboxypeptidase A (CPA) 
follow the Curie law over a wide temperature range. The 
observed magnetic moments of Co(II)CPA and Ni(II)CPA 
are 4.77 + 0.15 and 2.53 + 0.10 Bohr Magnetons, respec- 
tively. The magnetic and spectral properties of Ni(II)CPA 
are consistent only with an octahedral ground-state 
geometry, whereas Co(II)CPA has a probable five-coordi- 
nate structure. The results establish ordinary metal-ion 
ground states for two metallocarboxypeptidase A deriva- 
tives which exhibit full peptidase activity. 





We have been concerned lately with the role of the metal ion 
in the catalytic activity of carboxypeptidase A. The Zn(II) 
ligands contributed by the polypeptide chain at the active 
site have been identified through a combination of x-ray 
diffraction (1-3) and sequence (4, 5) studies as His 69, Glu 
72, and His 196. The x-ray results have shown further that 
the probable coordination geometry of the Zn(II) site is dis- 
torted tetrahedral, with the fourth ligand presumably being 
a HO molecule in the resting enzyme. A distorted tetra- 
hedral coordination site assignment also appears to be com- 
patible with the electronic absorption spectrum of Co(II)- 
CPA (6), which is a fully active derivative (7, 8). 

Our efforts have been channeled into experiments designed 
to elucidate the electronic ground and excited states of several 
metallocarboxypeptidase A derivatives, in the hope of estab- 
lishing some connection between metal-ion structure and 
activity. We have been particularly interested in the ques- 
tion of whether the metal ion in its role in the multifunc- 
tional catalytic apparatus has been endowed with enhanced 
substrate-attacking properties by virtue of a special (9, 10) 
ground-state structure. The present paper deals with the 
ground states of cobalt(II)CPA and nickel(II)CPA, as char- 
acterized by measurements of variable-temperature magnetic 
susceptibility by our ultrasensitive, superconducting, quantum 
mechanical magnetometer. 

MATERIALS AND METHODS 


Preparation of Sample. Bovine carboxypeptidase A, pre- 
pared by the method of Cox (11), was obtained from Sigma 


Abbreviations: CPA, Carboxypeptidase A; B. M., Bohr Mag- 
netons. 

t On leave from Department of Chemistry, Bucknell University, 
Lewisburg, Pa. 17837. 

§ On leave from Institute of Physics, University of Rome, Rome, 
Italy. 

1 To whom correspondence should be addressed. 


Chemical Co. Cobalt(II) and nickel(II) carboxypeptidase A 
derivatives were prepared by the method of Coleman and 
Vallee (12). Extreme care was taken to eliminate metal con- 
tamination. Plastic laboratory ware was used throughout 
and all buffers were extracted with dithizone in CCl, (13). 
Metal solutions were prepared from minimum 99.9% pure 
metal powders obtained from Alfa Inorganic, Inc. Crystalline 
metallocarboxypeptidase A, spread on a clean slide and al- 
lowed to air dry in a scrupulously dust-free enclosure, was 
placed in a quartz tube for magnetic measurements. A sample 
of Co(II)CPA treated in this manner retains its red—purple 
color through the entire procedure. The principal visible 
absorption spectral band of a pellet of air-dried Co(II)CPA 
has a maximum at 558 nm, in excellent agreement with the 
reported (6) solution spectrum. Total metal analysis on each 
sample was performed by digestion of the protein in 1:1 
HNO;-H.SO,, dilution to a known volume, and determi- 
nation of the metal concentration by means of a Varian Tech- 
tron Atomic Absorption Spectrometer. 


Measurements of Magnetic Susceptibility. All measurements 
were made on a superconducting, quantum mechanical mag- 
netometer of ultrahigh sensitivity. Full details of the opera- 
tion of the system will be described elsewhere (Wang, R. H., 
Hoenig, H. E., Rossman, G. R., and Mercereau, J. E., to be 
published). In our experimental setup, a superconducting 
sensor inductively coupled to an rf tank circuit induces a 
current due to a change of magnetic flux in the sample, arising 
either from movement of the sample or change of sample 
temperature. This induced current is used to drive a feed- 
back loop so that the compensation current, which depends 
linearly on the sample-related flux, can be accurately con- 
verted into magnetic flux. 

Two types of magnetic susceptibility measurements were 
made. In the first type, the total magnetic susceptibility in 
an axial field was determined by moving the sample from 
one pickup coil into another wound in the opposite direction 
so as to compensate the effect of the sample holder, which 
extends through both primary coils of the de superconducting 
flux transformer. In a second mode of operation, the relative 
change of susceptibility was measured as a function of tem- 
perature up to 120°K. This change is independent of the 
large diamagnetic background arising from the host protein. 
The relative susceptibility measurement on Ni(II)CPA was 
made on a 14-mg sample containing 16.8 ug of Ni** in a field 
of 150 G from 8 to 75°K. A total susceptibility measurement 
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TaBLeE 1. Visible spectral band maxima 
and magnetic moments of cobalt(II) com plexes 





Donor Meff Vmax; 
Compound set (B.M.) em! (émolar) 





Four coordinate 

Co(EDM)Cl.* N.Cl 4.48 14,600 (320), 15,070 (311) 

17,250 (232), 18,200 (70 
sh) 

Co(Me,en)Cl,” N:2Cl; 15,200 (447), 17,300 (214) 

Co(MOBenNEt,)- 15,400 (410), 15,750 (425), 
Cle 17,150 (425) 

Co(PA)24# 16,000 (58), 17,100 (129) 

19,610 (600), 20,830 (629) 

13,010 (498), 14,090 (383) 

17,270 (about 350), 18,867 
(150 sh) 


Co(MBrPM )* 
Co(Barb).(Im)./ 


Five coordinate 
Co(Et«dien )Cl." 18,300 (60), 19,200 (58) 
[Co(Megtren )Br]- ; 15,600—16,100 (128) 

Br’ 19,200-19,800 (112) 
Co(Mesdien )Cl,' 16,100 (106), 18,800 (112) 
6-Co(Paphy )Cli’ 15,700, 20,000 
Co(Terpy )Cl.’ 15,850, 20,000 
Co(Me,daeo)Cl,* 16,200 (225), 18,500 (151) 
Co(Py(Cy)2)Cl.! 16,500 (52), 17,900 (52) 


Cobalt enzymes 
Co(II)CPA 
Co(II)CA2 


17,480—18,020 (150) 
15,670 (250), 16,180 (250) 
18,180 (400), 19,600 (240) 





* Lott, A. L. III & Rasmussen, P. G. (1970) J. Inorg. Nuel. 
Chem., 132, 101-107. EDM, ethylenedimorpholine. 

’ Sacconi, L., Bertini, I. & Mani, F. (1967) Inorg. Chem. 6, 262 
267. Me,en, V,N,N'N’'-tetramethylethylenediamine. 

¢ Sacconi, L. & Bertini, I. (1968) Inorg. Chem. 7, 1178-1183. 
MOBenNEtz, N,N,-diethyl-N’(o-methoxybenzylidene )ethylene- 
diamine. 

# Holm, R. H., Chakravorty, A. & Theriot, L. (1966) Jnorg. 
Chem. 5, 625-635. PA, N-t-butyl-pyrolle-2-aldimine. 

* Fergusson, J. E. & Ramsay, C. A. (1965) J. Chem. Soc. Lon- 
don, 5222-5225. MBrPM, 5’-bromo-3,4’,5-trimethyldipyrrometh- 
ene-3'-4-dicarboxylate. 

‘ Wang, B. C. & Craven, B. M. (1971) Chem. Commun. 290- 
291; R. C. Rosenberg, unpublished results. Barb, 5,5-diethylbar- 
bituric acid; Im, imidazole. 

¢ Dori, Z. & Gray, H. B. (1968) Inorg. Chem. 7, 889-892. 
(Et.dien ), 1,1,7,7-tetraethyldiethylenetriamine. 

* Ciampolini, M. & Nardi, N. (1966) Inorg. Chem. 5, 41-44. 
Megtren, tris-(2-dimethylaminoethy] )amine. 

* Ciampolini, M. & Speroni, G. P. (1966) Inory. Chem. 5, 45-49. 
Mesdien, bis(2-dimethylaminoethy] )methylamine. 

i Lions, S. F., Dance, I. B. & Lewis, J. (1967) J. Chem. Soc. 
A 565-572. Paphy, pyridine-2-aldehyde-2-pyridylhydrazone; 
Terpy, terpyridine. 

* Ciampolini, M. & Nardi, N. (1967) Inorg. Chem. 6, 445-449. 
Me,daeo, bis(2-dimethylaminoethy] )oxide. 

‘ Sacconi, L., Morassi, R. & Midolfini, S. (1968) J. Chem. Soc. 
A 1510-1515. Py(Cy)., N,N’-dicyclohexyl-2,-6-diacetylpyridine- 
bisimine. 

™ This work. 

"Latt, S. A. & Vallee, B. L. (1971) Biochemistry 10, 4263- 
4270. 

° Lindskog, S. & Ehrenberg, A. (1967) J. Mol. Biol. 24, 133- 

137. CA, Carbonic anhydrase. 
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was performed for 24.4 mg of Co(II)CPA containing 29.7 
ug of Co** over the temperature range 30-130°K in fields 
between 31 and 47 G. In each case the data were corrected 
for the temperature-independent susceptibility contribution 
and the magnetic moment was calculated from the slope 
of the x versus 1/T plot. 
RESULTS 

A plot of x against 1/T for Co(II)CPA is shown in Fig. 1. 
The magnetic behavior of the metalloprotein is strictly in 
accordance with the Curie law over the temperature range 
investigated. The magnetic moment (ues) obtained of 4.77 
+ 0.15 Bohr Magnetons (B.M.) confirms that the ground 
state of Co(II)CPA arises from a high-spin (spin-quartet) 
electronic configuration. 

The visible absorption spectral maxima and magnetic 
moments of Co(II)CPA, Co(II) carbonic anhydrase, and 
selected Co(II) model complexes are given in Table 1. Only 
four- and five-coordinate Co(II) complexes are included in 
the comparison, as both the positions and the intensities of 
the visible absorption bands of Co(II)CPA rule out an octa- 
hedral active-site geometry (6). 

The temperature dependence of the magnetic suscepti- 
bility of Ni(II)CPA is shown in Fig. 2. The pegs of 2.53 + 
0.10 B.M. conclusively establishes an orbitally nondegenerate, 
spin-triplet ground state. The observed nonlinearity in the x 
against 1/T curve below 10°K is attributable to a zero-field 
splitting of the spin-triplet ground state (14). 


DISCUSSION 


The observed magnetic moment of Ni(II)CPA suggests very 
strongly that the metal center be assigned an octahedral 
geometry. The electronic ground state is not compatible with 
either a four- or five-coordinate high-spin Ni(II) configura- 
tion, as all such complexes have pers values that exceed 3.2 
B.M., due to substantial orbital contributions (15). Further- 
more, the visible absorption spectrum of Ni(II)CPA, which 
exhibits band maxima at 14,600 (« 9) and 24,270 cm (« 27), is 
consistent only with an octahedral ground state (Rosenberg, 
R. C., Root, C. A., and Gray, H. B., unpublished results). 
Apparently, in the Ni(II) enzyme, there are three H2O mole- 
cules included in a distorted octahedral coordination core 
of the type Ni(II) N.O,. 

The magnetic properties of Co(II)CPA can be accom- 
modated more or less satisfactorily in terms of a five-coordi- 
nate or a distorted tetrahedral metal center. The ers values 


°K 


2 


T °K 


Fic. 1. Temperature dependence of the magnetic suscepti- 
bility (x) of Co(II)CPA in the range 30-130°K. 
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Fic. 2. Temperature dependence of the magnetic suscepti- 
bility (x) of Ni(II)CPA in the range 8-75°K. 


of the model complexes we have selected as being representa- 
tive of Co(II) in distorted tetrahedral coordination are all 
less than 4.7 B.M., whereas all but one of the five-coordinate 
Co(II) complexes exhibit magnetic moments between 4.6 
and 5.0 B.M. The pegs of 4.77 B.M. for Co(II)CPA thus sug- 
gests that five-coordinate Co(II) is the likely ground state, 
although distorted tetrahedral coordination cannot be com- 
pletely eliminated as a possibility. 

The intensities of the visible absorption bands attributable 
to electronic transitions from the ground state to the ligand 
field levels derived from the free-ion*P (Co**) excited state 
are often used as indicators of coordination structure for 
Co(II) complexes. The most intense visible bands in dis- 
torted tetrahedral Co(II) complexes generally have molar 
extinction coefficients that exceed 250, whereas the effective 
émax range for five-coordinate Co(II) is 80-225. The observed 
molar extinction coefficient of 150 for the principal visible 
band maximum of Co(II)CPA, thus, is in much better agree- 
ment with a five-coordinate ground state. In contrast, much 
higher visible absorption band intensities are observed for 
the enzyme Co(II) carbonic anhydrase, where a distorted 
tetrahedral active-site geometry, as suggested earlier (16), 
is probable. It is to be noted further that the large difference 
in the magnetic moments of Co(II)CPA and Co(II) carbonic 
anhydrase also suggests that the metal centers in the two 
enzymes are not analogously structured. 

The magnetic and spectroscopic properties of Co(II)CPA 
and Ni(II)CPA show that the ligand environment of the 
enzyme is sufficiently flexible to allow changes in coordination 
number and geometry. The change from five or distorted 
tetrahedral to octahedral coordination does not drastically 
affect enzymatic reactivity, as the peptidase and esterase 
activities of Co(II)CPA and Ni(II)CPA toward several model 
substrates are of the same order of magnitude (7, 8), with a 
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peptidase activity order Co(II)CPA > Ni(II)CPA = Zn(II)- 
CPA observed (8) in most cases. The fact that full peptidase 
activity can originate in M(II)CPA enzymes for which we 
have established very ordinary metal-ion ground states is not 
easily reconciled with the entatic state concept (9, 10) of 
catalytic activity. 

Our finding of octahedral coordination for Ni(II)CPA and a 
probable five-coordinate structure for Co(II)CPA opens 
the possibility that at least one H»O molecule remains bound 
to the metal center in the enzyme-substrate complex. Direct 
participation of coordinated H,O in the active intermediate 
could be accommodated nicely in the recent mechanistic pro- 
posals of metallocarboxypeptidase A action (1, 3, 5, 17, 18), 
but has not been considered in any detail previously because 
of the generally accepted view of a four-coordinate metal 
center. Whether coordinated H,O is of any importance at all 
in the catalytic activity of the enzyme is a question deserving 
of further study. 
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ABSTRACT The RNA-dependent DNA polymerase of 
Rous sarcoma virus is inhibited by N-methyl isatin §- 
thiosemicarbazone and by thiosemicarbazide, but not by 
semicarbazide. These inhibitors also inactivate, upon 
contact with the virion, the transforming ability of Rous 
sarcoma virus. Sulfhydryl donors, such as 2-mercapto- 
ethanol, can prevent these effects. The RNA-directed 
activity of the purified polymerase is inhibited to a greater 
degree than is the DNA-directed activity. 

Two cations, Cu** and Hg**, can inhibit RNA-dependent 
DNA polymerase and inactivate the transforming ability 
of the virus. Synergism between N-methyl isatin 8-thio- 
semicarbazone and Cu** occurs, since treatment of the 
virus with a low dose of either N-methyl isatin 8-thio- 
semicarbazone or Cu** has little effect; however, when the 
two compounds are mixed together, significant inactiva- 
tion occurs. This observation supports the hypothesis 
that the antiviral action of thiosemicarbazones is a func- 
tion of their ability to act as a ligand for metallic ions. 

Several cations (Ag*, Co**, Zn**, Cd**, and Ni**) sig- 
nificantly inactivate the RNA-dependent DNA polymerase, 
but have little effect on the transforming ability. In view 
of this result, the conclusion that the enzyme activity is re- 
quired for transformation remains open to question. 





N-methyl] isatin 8-thiosemicarbazone (Me-IBT) inhibits the 
growth of pox viruses (1, 2), and is effective in the prophylaxis 
of smallpox (3) and in the treatment of eczema vaccinatum, a 
complication of smallpox vaccination (4). Additional in vitro 
studies have extended the spectrum of action of this drug to 
include other groups of viruses, such as adenovirus, herpes- 
virus, picornavirus, reovirus, arbovirus, and myxo- and para- 
myxovirus viruses (5, 6). In these cases, inhibition of the virus 
was obtained by treatment of the cells after infection. 

In contrast, we have recently reported that Rous sarcoma 
virus (RSV) can be inactivated by exposure to the drug before 
infection (7). Other RNA tumor viruses, such as mouse sar- 
coma virus, and leukemia virus, and feline sarcoma virus, are 
similarly inactivated (unpublished observations). However, 
RNA-containing cytopathic viruses, including Newcastle 
disease virus, poliovirus, and vesicular stomatitis virus, are not 
affected (ref. 7, and unpublished results). 

In our previous paper (7), we described several negative 
attempts to determine the mechanism of inactivation (includ- 
ing inhibition of the RNA-dependent DNA polymerase). 
Subsequent experiments, reported here, have demonstrated 
that the RNA-dependent DNA polymerase of RSV is, indeed, 
inhibited by Me-IBT and that the presence of 2-mercapto- 


Abbreviations: RSV, Rous sarcoma virus: Me-IBT, N-methyl 
isatin 8-thiosemicarbazone. 


ethanol prevented the action of IBT in our original experi- 
ments. The observation that a drug that inhibits the RNA- 
dependent DNA polymerase also inactivates the transforming 
ability of the virus provides evidence for the importance of this 
enzyme to malignant transformation by RSV. 

Since thiosemicarbazones are strong chelators of copper 
(8, 9), a role for the cupric ion in the antiviral and antitumor 
activity of these drugs has been postulated and supported 
experimentally (10, 11). Therefore, we tested the effect of 
copper and several other cations on the transforming ability 
and on the RNA-dependent DNA polymerase activity of 
RSV. It was found that, at a concentration of 40 uM, Cutt 
and Hg** inhibited both the transforming ability and the 
enzyme activity. In addition, low doses of Cu*+* and Me- 
IBT, which had little effect on the virus, caused significant 
inhibition of enzyme activity and inactivation of transforming 
ability when mixed together. These findings lend support to 
the previously stated hypothesis that the action of thiosemi- 
carbazones is related to their ability to chelate metallic ions 
(16). 

Other cations (Ag+, Co*+*+, Zn*+*+, Cd*+*, and Ni**) can 
significantly inactivate the RNA-dependent DNA polymerase 
but have a minor effect on transforming ability. This could be 
interpreted as evidence that the enzyme is not required for 
transformation but can be explained in other ways (see below). 
In addition, a third group of cations that has a smaller or no 
effect on enzyme activity and on transformation was demon- 
strated. 


MATERIALS AND METHODS 


Virus. The Schmidt—Ruppin strain (Group A) of RSV was 
propagated and purified as described (12). 


Chemicals. The drugs were obtained from the following 
sources: Me-IBT and methy] isatin from K & K Rare Chem- 
icals, thiosemicarbazide and semicarbazide from Eastman 
Kodak, thiourea from Calbiochem, and the (CH;)2SO used as 
the solvent from Matheson, Coleman and Bell. Stock solu- 
tions at 40 mM in (CH;).SO were prepared. Reagent grade 
inorganic compounds from either Baker or from Matheson, 
Coleman and Bell were used. Stock solutions at 40 mM were 
prepared in double-distilled H,O. 


RN A-Dependent DNA Polymerase Was Assayed in one of 
two solutions. Solution A, used when the thiosemicarbazones 
were being tested, was composed of 100 mM Tris-HCl (pH 
8.1), 10 mM MgCh, and 0.1 mM dATP, dGTP, and dCTP. 
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Since it was found that both Tris buffer and deoxynucleoside 
triphosphates decreased the antiviral activity of the cations, 
Solution B, composed of 150 mM NaCl, 8 mM NasHPO,, 1.5 
mM KH2PO,, 10 mM MgCl, and 25 uM dATP, dGTP, and 
dCTP, was used when the cations were being tested. After 
suitable incubation in the presence of the drug, [H]TTP 
(17 Ci/mmol) and 0.05% v/v (final concentration) NP-40 
(Nonidet P40, Shell Chemical Co.) were added. The reaction 
mixtures were incubated at 37° for 30 min and acid-precipi- 
table counts were measured (13). 


Transformation Assay. The focus-forming ability of the 
virus was assayed on chick-embryo cells in culture as described 
(14). A 1:200 dilution of the virus-drug mixture was made 
before infection, ensuring that the remaining drug had no 
effect on focus formations (unpublished results). 


Partial Purification of RN A-Dependent DN A Polymerase. 
This procedure and the assay of the enzyme with RNA and 
DNA template have been described (15). 


RESULTS 


In the initial experiment, either Me-IBT or one of several 
analogues was added to a suspension of RSV at a final concen- 
tration of either 400 uM or 40 uM, and the mixture was incu- 
bated at 37° for 60 min. After samples were taken for trans- 
formation assay, [7H]TTP and NP-40 were added, the reac- 
tion mixture was incubated at 37° for an additional 30 min, and 
the activity of RNA-dependent DNA polymerase was deter- 
mined. In this experiment, the 2-mercaptoethanol (1% v/v) 
was added after Me-IBT had interacted with RSV. In con- 
trast, the experiments previously reported (7) were performed 
with 2-mercaptoethanol (2.5% v/v) present when the Me- 
IBT was added. The data in Table 1 demonstrate the inhibi- 
tion of RNA-dependent DNA polymerase activity by Me-I BT 
and by the thiosemicarbazide side chain. Me-I BT is clearly the 
more effective compound. Methyl isatin, semicarbazide, and 
thiourea analogues have no activity. The infectivity data 
demonstrate that those compounds that inhibit the enzyme 
activity also inactivate the transforming ability of RSV. 


TABLE 1. Inhibition of RNA-dependent DNA polymerase of 
RSV by Me-I BT 





Compounds Enzyme* Transforming* 


None 100 100 
(CH;3).8O (1%) 100 100 
Me-IBT (40 uM) 2 1 
Me-IBT (4 uM) 31 30 
Thiosemicarbazide (400 uM ) 14 10 
Thiosemicarbazide (40 uM ) 88 63 
Semicarbazide (400 uM) 100 100 
Thiourea (400 uM) 90 160 
Methy] isatin (400 uM) 88 100 





10 wl of purified RSV, suspended in 200 ul of solution A, was 
exposed to different concentrations of the various compounds 
by addition of a 2-ul aliquot of the substance to be tested. 
After 60 min at 37°, a 5-ul sample was taken for transformation 
assay and 2 ul of 2-mercaptoethanol, 2 wCi of [(*H|TTP, and 
10 wl of 1% NP-40 were added. The reaction mixture was incu- 
bated at 37° for 30 min, and acid-precipitable counts were 
obtained. 34,811 cpm and 116 foci were assayed in the untreated 
control sample. 

* &% Activity. 
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Effect of 2-mercaptoethanol on the interaction 


between Me-I BT and RSV 


TABLE 2. 





Compounds Enzyme* Transforming* 


(CH;),8O 100 100 
Me-IBT 4 l 
Me-IBT + 0.1% 2-mer- 

captoethanol 92 
Me-IBT + 0.01% 2-mer- 

captoethanol 46 





Purified RSV, suspended in 200 ul of solution A, was exposed to 
40 uM Me-IBT in the presence or absence of 2-mercaptoethanol. 
The mixture was incubated at 37° for 30 min, a 5-ul sample was 
taken for transformation assay, and 2 wCi of [*H|) TTP and 10 ul 
of 1% NP-40 were then added. After incubation at 37° for an 
additional 30 min, acid-precipitable counts were measured. 
15,770 cpm and 214 foci were assayed in the untreated control 
sample. 

* &% Activity. 


In the experiment just described, 2-mercaptoethanol was 
added after a 60-min exposure to the drugs. If 2-mereapto- 
ethanol is omitted from the reaction entirely, the incorpora- 
tion of [7H]TTP is 2- to 4-fold lower, but the inhibition and 
inactivation by the various compounds remain relatively the 
same (data not shown). In the following experiment, we 
demonstrate directly that 2-mercaptoethanol prevents the 
inhibition by Me-I BT. As seen in Table 2, there is no inhibi- 
tion of either enzyme activity or transforming ability of the 
virus that received 0.1% (14 mM) 2-mercaptoethanol at the 
same time as the Me-IBT, but inhibition did occur when 
Me-I BT alone was added. When 0.01% (1.4 mM) 2-mercapto- 
ethanol is used, the protective effect is incomplete. Two other 
sulfhydryl compounds, dithiothreitol and glutathione, have a 
similar protective effect. 

The effect of Me-I BT on the purified DNA polymerase from 
RSV was also determined, with both RNA and DNA tem- 
plates. The data in Table 3 demonstrate that with 400 uM 


Inhibition of the purified RNA-dependent DNA 
polymerase of RSV by Me-I BT 


TABLE 3. 





RSV DNA E. coli 
Polymerase I 
Template 


Polymerase 
Template 


Compounds RNA DNA DNA 


(CH;),SO 100* 100 100 
Me-IBT (400 uM) 12 50 3 
Me-IBT (40 uM ) 44 R2 54 





Enzyme reactions were performed with a 500-fold purified 
preparation of the RSV DNA polymerase, with purified 70S RSV- 
RNA and calf-thymus DNA templates at a concentration of 
2 ug/ml. The enzyme-template combination, in 200 yl of solution 
A, was exposed to either 400 uM or 40 uM Me-IBT and incubated 
for 15 min at 37°. 2 wl of 2-mercaptoethanol and 5 wCi of (*H] TTP 
were then added. The reaction was incubated for | hr at 37° and 
acid-precipitable counts were obtained. The cpm incorporated in 
the (CH;),SO-treated control samples of the RNA-directed and 
DNA-directed RSV polymerase and of the EZ. coli polymerase 
were 923, 1,194, and 11,417, respectively 

* © Enzyme activity. 
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TaBLe 4. Effect of EDTA on the interaction between 
Me-IBT and RSV 





Enzyme* Transforming* 


Compounds 








None 100 100 
Me-IBT 15 19 
EDTA 280 100 
Me-IBT + EDTA 120 110 





Purified RSV, suspended in 100 yl of a solution composed of 
solution A without MgCle, was exposed to 40 uM Me-IBT in the 
presence or absence of mM EDTA. After 30 min at 37°, a 2-ul 
sample was taken for transformation assay. The solution was 
then made 10 mM with respect to MgCk, and 1 wCi of (7H) TTP 
and 0.05% NP-40 were added. The reaction mixture was incu- 
bated at 37° for 30 min and acid-precipitable counts were ob- 
tained. 5687 cpm and 183 foci were assayed in the untreated 
control sample. 

*% Activity. 


Me-IBT the RNA-directed activity of the purified DNA 
polymerase of RSV is inhibited by 88%, while the DNA- 
directed activity is inhibited by 50%. One explanation for the 
difference in the degree of inhibition is that the DN A-directed 
activity may be more efficiently protected by 2-mercapto- 
ethanol, another is that the polymerase may contain a differ- 
ent active site for each of the two activities. Since 1% 2-mer- 
captoethanol was necessary in order to obtain efficient 
activity of the purified RNA-dependent DNA polymerase, it is 
probable that the 400 1M concentration of Me-IBT needed to 
demonstrate significant inhibition was due to the protective 
effect of 2-mercaptoethanol. In order to determine whether the 
action of Me-IBT was specific for the DNA polymerases of 
RSV, we exposed Escherichia coli DNA polymerase I (Korn- 
berg polymerase) to the drug and found its activity to be 
markedly inhibited. 

Since thiosemicarbazide inhibits the enzyme activity and 
inactivates the infectivity of RSV, but semicarbazide and 
thiourea do not, it appears that the activity requires the 
presence of both the thio and the hydrazine moieties. These 
groups are also necessary for the strong binding of transitional 
metal ions exhibited by thiosemicarbazide, and there is data 
implicating copper in the biological action of this compound 
(8-10). The hypothesis that metal ions are involved in the 
action of these drugs is supported by the observation (Table 4) 
that the presence of 1 mM EDTA can prevent the inhibition of 
enzyme activity and the inactivation of infectivity by Me- 
IBT. It was observed also that EDTA alone enhances the 
activity of the RNA-dependent DNA polymerase but does not 
affect the transforming ability of the virus. It is possible that 
low concentrations of cations inhibitory to the enzyme may be 
present in the reaction mixture, and these cations are removed 
by EDTA. 

In view of this result, we investigated the effect of copper 
and several other cations on the activity of RNA-dependent 
DNA polymerase and the transforming ability of RSV. The 
data in Table 5 demonstrate that two cations, Cu** and 
Hg** (40 uM each), have the ability to inactivate the trans- 
forming ability and inhibit the enzyme activity of the virus 
(Group A). Cu* ion has no effect on either function (Group 
C). 

Several other cations (Ag+, Co+*+, Zn*+*, Cd**, and 
Ni**) have the ability to inhibit RNA-dependent DNA 
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polymerase but have little effect on the transforming ability of 
RSV (Group B). This finding can be interpreted in several 
ways. One conclusion is that the activity of RNA-dependent 
DNA polymerase is not necessary for transformation. How- 
ever, since the sample for transformation assay must be taken 
before the addition of the detergent NP-40, it is possible that 
these cations cannot affect the enzyme in the intact virion but 
are capable of inhibiting the enzyme activity of the disrupted 
particle. We have tested several polyene detergents (Tween 
20, 40, 60, 80, 85, Brij 35, 56, and 58) but were unable to 
retain infectivity in a concentration of detergent that allowed 
enzyme activity. 

We therefore performed an experiment in which the intact 
virion was exposed to the Co** ion for 30 min at 37°, diluted 
4-fold, then treated with NP-40, and assayed for enzyme 
activity in the usual manner. The eztent of inactivation of the 
diluted suspension was the same as the inactivation of the 
undiluted suspension; the extent of inactivation of the suspen- 
sion treated with one-fourth as much Co** was significantly 
less. This indicates that the Co+* ion does affect the enzyme 
within the virion. The effect of this group of cations cannot, 
therefore, be explained on the basis of an inability to pene- 
trate the inact virion. 

One additional possibility that makes the interpretation of 
the effect of this group of cations difficult is that the cations 
could be removed from the site of enzyme inhibition during the 
infection of the chick embryo cell. In contrast, Cu*+*+ and 
Hg** ions would remain bound during infection and trans- 
formation would be inhibited. In view of this possibility we 
cannot conclude that the activity of RNA-dependent DNA 
polymerase is not required for transformation. 


TABLE 5. Inhibition of the RNA-dependent DNA polymerase 
of RSV by cations 





Compounds Enzyme* Transforming* 





None 100 100 
Group A 
CuSO, 
HgCl. 
Group B 
AgNO; 
Co(NO;). 
ZnCl. 
CdSO, 
NiCl, 
Group C 
CuCl 91 93 
PbCl, 23 100 
FeSO, 21 63 
FeCl, 98 69 
InCl,; 50 97 
RhCl; 23 34 
PtClh, 24 83 





Purified RSV, suspended in 200 ul of solution B, was exposed 
to 40 uM of the various compounds. The mixture was incubated 
at 37° for 30 min, a 5-ul sample was taken for transformation 
assay, and 4 wCi of [*H]TTP and 10 ul of 1% NP-40 were then 
added. After incubation at 37° for an additional 30 min, acid- 
precipitable counts were obtained. 1127 cpm and 293 foci were 
assayed in the untreated control sample. The enzyme activity is 
lower in this experiment than in previous ones because phosphate 
buffer (solution B) is less efficient than Tris buffer (solution A). 

* % Activity. 





Proc. Nat. Acad. Sci. USA 70 (1973) 


Other cations (Group 4) that have a smaller or no effect on 
enzyme activity and on transformation were also found. These 
include indium, rhodium, and platinum, which were found to 
inhibit vaccinia growth in mice (10), and ferrous, ferric, lead, 
and, as mentioned above, cuprous ions. 

At a lower concentration (4 uM), only Hg** has a signifi- 
cant effect on the enzyme activity and transforming ability; 
all the other ions have little effect on either function. The 
activity of Hg** can no longer be demonstrated at a concen- 
tration of 0.4 uM. 

In an experiment performed in the same manner as that 
described in Table 3, it was found that copper sulfate inhibited 
the purified polymerase activity in a similar manner as did 
Me-IBT, namely, the RN A-directed reaction was significantly 
more inhibited at 400 uM than the DNA-directed reaction and 
little inhibitory activity remained at 40 uM. The E£. coli 
polymerase I had 1% activity after treatment with 400 uM 
copper sulfate and 20% activity when exposed to 40 uM 
CuSO, (data not shown). 

The nature of this antiviral activity was investigated further 
by determining whether a synergistic effect occurs between 
Me-IBT and Cu**. In this experiment, the virus was exposed 
to low doses of the compounds (1 4M), separately as well as 
mixed together. It can be seen in Table 6 that there is a minor 
effect on the virus when the compounds are used by them- 
selves, but a significant inactivation of the transforming ability 
and inhibition of the enzyme activity occurs when they are 
present together. 


DISCUSSION 


We have demonstrated that two classes of compounds, the 
thiosemicarbazones and the inorganic cations, can inhibit the 
RNA-dependent DNA polymerase activity and the trans- 
forming ability of RSV. The correlation between the effect of 
these agents on the enzyme activity and transformation sup- 
ports the contention that the product of the RNA-dependent 
DNA polymerase is necessary for transformation. This cor- 
relation is not complete since several cations inhibit the 
enzyme but do not inactivate transformation. However, for 
the reason previously mentioned, it is difficult to conclude on 
the basis of this finding that the enzyme activity is not re- 
quired for transformation. 

One interpretation of the synergistic effect seen when 
Me-IBT and Cu** are mixed is that a chelate compound is the 
active material. This possibility is supported by the known 
affinity of thiosemicarbazones for Cu** (8, 9) and other cat- 
ions of the first transition series (9). Biologically, Cu** has 
been shown to be necessary for the antitumor activity of a 
thiosemicarbazone derivative (11) and is suspected to be 
involved in the antitumor activity of several other derivatives 
(16, 17). More speculatively, the inhibition of the recently 
purified DNA polymerase of chick embryo cells by o-phenan- 
throline (18) could be due to a chelate since this compound 
strongly binds cupric ions. 

Another explanation of the synergistic effect of Me-IBT 
and Cu** is that the action of one predisposes to the action of 
the other. It is also possible that the Me-I BT could act by the 
removal of the metal component of one of the virion enzymes 
and the Cu** could further inhibit either that enzyme or a 
different one. 

If the chelate is the active compound then an explanation is 
required for the activity of the Me-IBT when used alone, as 
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TaBLe 6. Synergistic effect of Me-IBT and Cu** on the 
RNA-dependent DN A polymerase of RSV 





Compounds Enzyme* Transforming* 


(CH;),SO 100 100 
Me-IBT 42 50 
CuSO, 86 90 
Me-IBT + CuSO, l l 





Purified RSV, suspended in 200 yl of solution B, was exposed 
to either 1 uM Me-IBT, 1 «wM CuSQ,, or both. The mixture was 
incubated at 37° for 30 min, a 5-ul sample was taken for trans- 
formation assay, and 4 wCi of [*H|]TTP and 10 ul of 1% of 
NP-40 were then added. After incubation at 37° for an additional 
30 min, acid-precipitable counts were obtained. 3370 cpm and 
300 foci were assayed in the untreated control sample. 

* © Activity. 


seen in Table 1. It is possible that sufficient copper ion is 
provided as a trace contamination in the solutions or in the 
glass test tube to make the active complex. This possibility is 
supported by the observation that EDTA can increase the 
activity of the enzyme and can inhibit the action of the Me- 
IBT. 

It is not at all clear that the site of action of these com- 
pounds is the enzyme itself since there is evidence that Cu** 
and other cations bind to and degrade synthetic polyribo- 
nucleotides (19) and inactivate the infectivity of tobacco 
mosaic virus RNA (20). There is also evidence that Cu** 
binds to DNA (21, 22). This interaction reduces the stability 
of the DNA, as demonstrated by a marked decrease in the 
melting temperature, and is thought to occur specifically at the 
guanine and cytosine residues (23). There are no data regarding 
the relationship between thiosemicarbazones and RNA or 
DNA. There is evidence that derivatives of thiosemicarbazide 
such as /-formy] isoquinoline thiosemicarbazone and 2-formy] 
pyridine thiosemicarbazone can inhibit DNA synthesis in 
tumor cells and in vitro by the inhibition of ribonucleoside 
reductase (24, 25). Clearly, however, this cannot be the 
mechanism of action in the case of RNA-dependent DNA 
polymerase since the deoxynucleoside triphosphates are 
provided as substrates. 

Sulfhydryl compounds, such as 2-mercaptoethanol, protect 
the virus from the effect of Me-IBT (and Cu**, unpublished 
results). This type of protective effect has been reported 
previously ; namely, dithiothreitol can protect ribonucleotide 
reductase from inhibition by /-formyl-isoquinoline thiosemi- 
carbazone (24). In either case, the mechanism of this protec- 
tion is unknown; it could be due to the preservation of the 
reduced (functional) state of the enzyme or to the binding, by 
the thiol, of a cation required for the action of the thiosemi- 
carbazone. 

The inhibition of RNA-dependent DNA _ polymerase 
activity and the inactivation of transforming ability of mouse 
sarcoma virus has been reported recently with derivatives of 
the drug rifamycin (26). The experiments with mouse sar- 
coma virus were performed in a similar fashion to those de- 
scribed in this paper with RSV. Similar results were obtained 
in so far as a direct correlation between the inhibition of the 
enzyme activity and the inactivation of transformation is 
concerned. However, no protection with sulfhydryl com- 


pounds was observed and no effect of cations was tested. It 
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will be of interest to determine whether the relationship of 
these factors is the same for rifamycin as it is for the thiosemi- 
carbazones. 


NOTE ADDED IN PROOF 


In experiments performed in the same manner as those in 
Table 5, we found that o-phenanthroline (40 uM), a heavy- 
metal chelating agent, inactivates RNA-dependent DNA 
polymerase activity, but not the transforming ability of 
RSV. This finding supports the contention that the enzyme 
activity is not required for transformation, but is subject to 
the same criticism as mentioned with results. 
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ABSTRACT Unilateral nephrectomy in rats produces 
an increase in ribonuclease activity in both nuclear and 
cytoplasmic fractions of the contralateral kidney. The 
timing of this increase and the changes in the proportion 
of free activity to protein-bound activity are different in 
each fraction. A peak in inhibitor-bound ribonuclease, 
suggesting a higher amount of inhibitor, was found in the 
cytoplasmic fraction before the increase in RNA/DNA 
ratio. Ninety-six hours after the operation, ribonuclease 
was still significantly increased in both the nuclear and 
cytoplasmic fractions. The inhibitor-bound activity was 
increased in proportion to cellular RNA, maintaining a 
ribonuclease activity per ug of RNA similar to the controls. 





Alkaline ribonuclease (RNase) activity (pH 7.8) is present 
in the nucleus and the cytoplasm of most mammalian cells in 
both the free form and bound to an inhibitor protein. The 
inhibitor-bound activity may be released in vitro by addition 
of p-chloromercuribenzoate (PCMB) or other substances 
that react with -SH groups (1). 

It has been hypothesized that RNase may regulate the 
quantity of cytoplasmic RNA by influencing the rate of RNA 
degradation (2). This idea is based upon the fact that RNase 
activity is elevated under several circumstances in which the 
RNA/DNA ratio is reduced (3-5) and conversely, activity 
of this enzyme decreases under certain conditions in which the 
RNA/DNA ratio increases (6, 7). RNA turnover studies 
indicate that in these situations the changes in cellular RNA 
content are due to changes in the rate of RNA catabolism 
rather than in the rate of RNA synthesis (8, 9). However, 
other data do not seem to support such a role for RNase. 
For example, RNase activity increases in the remaining 
kidney within 1 hr after uninephrectomy (10), a stimulus 
that increases the rate of RNA synthesis and elevates the 
RNA/DNA ratio in the contralateral kidney (11). However, 
this study measured the activity of only free RNase in whole 
organ homogenate. Consequently, it is impossible to know 
whether these changes in RNase activity are occurring in the 
cytoplasmic or nuclear fraction, where presumably different 
influences on RNA metabolism are exerted, or if the changes 
in activity correspond to a de novo synthesis of enzyme or to a 
decrease in the amount of RNase inhibitor. 

The present study was undertaken to examine both free and 
total RNase activity in the nuclear and cytoplasmic fractions 
of the contralateral kidney after uninephrectomy and to cor- 
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relate alterations in these activities with changes in DNA 
and RNA content of the organ. 

In addition, since changes in the RNA/DNA ratio in sham- 
operated mice have been reported (11), the effects of sham 
operation have also been studied. 

MATERIALS AND METHODS 


Male Sprague-Dawley rats weighing 300-350 g were fed a 
standard diet (Purina lab chow) ad libitum and kept on a 12- 
hr light-dark cycle. Without previous starvation of the rats, 
a left uninephrectomy or a sham operation was performed 
under light ether anesthesia. The entire procedure was done 
within 5 min, and, in the long-term experiments, all animals 
included in the study had resumed normal activity within 
24 hr. Four sham-operated and four uninephrectomized ani- 
mals were killed at intervals from 90 min to 96 hr after the 
operation, and, except for the 6- and 12-hr groups, all animals 
were killed between 9 and 10 a.m. A group of animals was also 
killed without any previous operation, and their right kidneys 
were used as 0-time or nonoperated controls. 

Immediately after the rats were killed, the right kidney 
was removed and chilled in ice-cold 0.25 M sucrose in TKM 
buffer (pH 7.4) (50 mM Tris: HCl-25 mM KCl-5 mM MgCl: 
6H,O). All subsequent procedures were done at 0-4°. Kidneys 
were weighed, minced with scissors, and made up to 20% 
homogenate (w/v) in 0.25 M sucrose in TKM buffer. Final 
homogenization was performed with 2 up-and-down strokes 
of a motor-driven Teflon pestle (2000 rpm) in a Potter- 
Elvehjem homogenizer. The homogenate was then filtered 
through six layers of cheesecloth; 2 ml of the filtered homoge- 
nate was underlaid by 20 ml of 0.34 M sucrose in TKM buffer 
(pH 7.4) and centrifuged at 1000 x g for 15 min. The result- 
ing supernatant was taken as the “cytoplasmic fraction.” 

The crude nuclear pellet was then suspended in 2.3 M 
sucrose in TKM buffer (pH 7.4) and centrifuged at 40,000 x 
g for 60 min in a SW25.1 rotor of a Beckman ultracentrifuge. 
The supernatant was discarded, and the thin nuclear pellet, 
suspended in 0.34 M sucrose, was used as the “nuclear 
fraction.” 

Free RNase activity was measured by the method of Roth 
(1), but the final volume of the reaction mixture was reduced 
to 0.6 ml. Total RNase activity was measured after addition 
of 0.1 ml of a 10 mM PCMB solution to the incubation mix- 
ture, without previous freezing and thawing of the samples as 
recommended by Shortman (12). Inhibitor-bound activity 
was then calculated as the difference between free and PCMB- 
released activities. RNase units were calculated arbitrarily, 
assuming that an absorbance at 260 nm of 1.00 was equal to 
100 units. Highly polymerized yeast RNA (Calbiochem, 
Calif.) was used as substrate without previous dialysis. 
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TABLE 1. Changes in nucleic acids and protein content in 
kidney 96 hr after unilateral nephrectomy* 





Group DNA (mg) RNA (mg) Protein (mg) 





Unoperated 

control 3.92+0.20 4.97+ 0.21 
Sham-operated 3.86+ 0.16 4.93 + 0.22 
Experimental 3.98 + 0.07¢ 5.91 + 0.15f 


312.8 + 17.0 
302.9 + 13.2 
400.3 + 18.4t 





* Results are + SD. 
t Not significant. 
t P > 0.001. 


DNA, RNA, and protein were extracted by the method of 
Munro and Fleck (13), and DNA and RNA were subsequently 
assessed by UV absorption in a Beckman DU spectropho- 
tometer. Proteins were measured by the biuret reaction. 


RESULTS 


Nucleic Acids and Proteins. DNA content was similar at 
96 hr in unoperated control, sham-operated, and experimental 
animals, indicating that uninephrectomy did not induce DNA 
synthesis during this period. 

RNA content was slightiy increased by 12 hr and signifi- 
cantly increased by 24 hr after surgery in the experimental 
group, as indicated by a higher RNA/DNA ratio. No change 
occurred in the RNA content after sham operation. The 
sham-operated group shows lower values at 12 and 24 hr, but 
the differences are not significant. 

Protein was also increased in the experimental group, and 
the changes in the protein/DNA ratio parallel the changes in 
the RNA/DNA ratio. No changes in protein content were 
found throughout this period in the sham-operated group 
(Tables 1 and 2). 


RNase Activity in the Nuclear Fraction. Total RNase 
expressed per wg of DNA was elevated in the nuclear fraction 
of the remaining kidney of the experimental animals at 3 hr, 
and subsequently decreased (Fig. 1). Except at 24 hr, these 
values were always higher than those in the sham-operated 
or unoperated control groups up to 96 hr. This elevation is due 
to a proportional increase in free activity and in inhibitor- 
bound activity up to 24 hr. Subsequently, the amount of 
bound RNase remains elevated while free activity drops to 
normal levels. 


TABLE 2. Changes in RNA/DNA ratio and protein/DNA 
ratio in kidney after unilateral nephrectomy in sham-operated 
and experimental animals 





Experimental Sham-operated 


Hr after RNA, Protein / RNA/ Protein / 
operation DNA DNA DNA DNA 











. 26 78.5 1.25 77. 
.25 76.7 .25 76. 
.25 78.0 .24 76. 


5 1 
1 
] 
1.29 81.5 .20 78. 
1 
1 
1 


on 


1 
3 
6 
2 


1 
24 
48 
96 


.34* 85.2* 21 77. 
.40* 93.7* .24 ce 
.50* 101.5* .25 76. 


“Nwow ou 





*P<0.001. 
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In the sham-operated group, total RNase activity com- 
pared to the 0-time unoperated group was significantly in- 
creased only at 6 hr, and both free and bound RNase were 
proportionally elevated. 


RNase Activity in the Cytoplasmic Fraction. Total RNase 
per wg of DNA increased in the experimental rats by 1.5 hr, 
reached a peak at 6 hr, and subsequently remained elevated 
at about twice the normal level. The sham-operated group 
showed a similar pattern of change in the first 12 hr, but values 
were back to normal by 24 hr and remained there for the rest 
of the experiment (Fig. 2). Qualitatively similar changes were 
found when total enzymatic activity was expressed per ug of 
RNA or per mg of protein. 

These changes in total activity in the experimental group 
are due mainly to an increase in free activity that is reflected 
by a decrease in the ratio of total to free activity. In the sham- 
operated animals similar changes occurred only within the 
first 6 hr, and the total/free ratio was again similar to un- 
operated control values at 12 hr (Fig. 3). 

In the experimental group, the amount of protein-bound 
RNase was reduced at 90 min and subsequently elevated at 
6 and 12 hr compared to the unoperated animals, and at 96 
hr the elevation was still significant. In the sham-operated 
group, the protein-bound activity was slightly reduced at 90 
min and at 3 hr, but after a peak similar to the experimental 
group the values were back to nonoperated control levels at 
12 hr (Fig. 4). The increment in bound activity in the experi- 
mental group is proportional to the increment in protein and 
RNA per cell at 96 hr. Thus, the bound activity per yg of 
RNA or per mg of protein remains unchanged (Table 3). 

DISCUSSION 
These data, in agreement with previous studies, indicate that 
uninephrectomy in adult rats induces purely hypertrophic 
growth in the contralateral kidney, as reflected by an in- 
creased RNA/DNA and protein/DNA ratio without changes 
in DNA content (14). Also in agreement with other studies, 
these changes in RNA/DNA ratio are occurring within 12 
hr after the operation, indicating a rapid and active response 
in the contralateral kidney (11). With the method of separa- 
tion of nuclear and cytoplasmic fractions used in this study it 
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Fic. 1. Total, inhibitor-bound, and free RNase activity per 
ug of DNA in nuclear fraction in unoperated, 0-time control, 
sham-operated, and experimental animals at various times. 
Values represent mean and SD of four different determinations. 
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Fic.2. Total RNase activity per ug of DNA in the cytoplasmic 
fraction of unoperated control, sham-operated, and experimental 
animals at various times. Mean and,SD of four different deter- 
minations are indicated. 


is impossible to avoid translocation of some components 
between these two fractions, and it is conceivable that some 
degree of contamination with RNase belonging to the other 
fraction may have occurred in the nuclear and cytoplasmic 
samples. Although at present it is impossible to know how 
much absolute error is introduced by this method of separa- 
tion, it is fair to assume that such error would be present 
in a similar proportion throughout the experiment. Conse- 
quently, although it influences the absolute values, this 
method of separation will not invalidate the qualitative data 
reflecting the changes in both fractions. The small degree of 
variability of our results and the similar values found in the 
control group at the beginning and at the end of the experi- 
ment further support this assumption. The elevation of nu- 
clear RNase activity in the experimental group under these 
circumstances suggests some role for nuclear RNase in RNA 
synthesis or in RNA hydrolysis within the nucleus. The par- 
ticipation of RNA synthesis is probably localized in the 
nucleolus, where active synthesis of ribosomal RNA is ac- 
companied by elevation of nucleolar RNase (15). However, 
RNase activity is also present in the nucleoplasm. Too few 
data are available at present to allow further speculation 
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Fic. 3. 
operated, and experimental animals at various times. Marked 
reduction of this ratio in the experimental group is due to an in- 
crease in the amount of free activity. Mean and SD of four dif- 
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Fic. 4. Inhibitor-bound activity per wg of DNA in the cyto- 
plasmic fraction of unoperated control, sham-operated, and ex- 
perimental animals at different times after operation. Mean 
and SD of four different determinations are indicated 


about the role of RNase in the nucleoplasm, but it is signifi- 
cant that most of the nuclear RNA is hydrolized intranu- 
clearly (16) and that different kinds of RNA molecules have 
different degrees of resistance to RNase hydrolysis (17). This 
observation suggests selective degradation before RNA is 
transported into the cytoplasm. Enhanced catabolism of 
nuclear RNA after uninephrectomy in rats results in virtual 
disappearance of RNA <28 8 within 60 min after the opera- 
tion (18). 

A decrease in RNA/DNA ratio in the kidney in mice during 
the first 24 hr after a sham operation has been reported (11), 
and our study shows a similar trend in rats. This decreased 
ratio, which is probably accounted for by a reduction in ribo- 
somal RNA, may trigger synthesis of RNA by way of a feed- 
back mechanism similar to that described in liver (19). This 
enhanced synthesis would replace the cytoplasmic loss and 
explain the changes in the nuclear RNase fraction found in 
the sham-operated group. 

The changes in RNase activity in the cytoplasmic frac- 
tion of the experimental group differ markedly from those 
found in the nucleus. Shortly after the operation the most 
striking changes are a reduction in the amount of inhibitor- 
bound RNase per cell and a marked (3-fold) increase in free 
RNase. The increased free RNase activity reached a maxi- 
mum at 6 hr and then returned to a new base line higher than 
the unoperated control and sham-operated values through- 
out the rest of the experiment. After the initial drop, in- 
hibitor-bound activity increases, reaching a peak at 6 and 
12 hr and remaining elevated throughout the experiment. 
The rapid drop in the amount of inhibitor may be related to 
the effects of operative stress, perhaps acting through hor- 


TABLE 3. Inhibitor-bound RNase per ug of RN A or per mg of 
protein (mean +SD) in the cytoplasmic fraction of unoperated 
control, sham-operated, and experimental groups 96 hr 
after operation 





Bound KNase Bound RNase 


Group pwezRNA mg protein 


Unoperated controls 22.6 + 1.16 350 + 24 


+ 32.; 


Sham-operated 22.9 + 0.70 34: 
36 


7 + 21 


Experimental 24.6 + 0.70 
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monal influences, although there are no available data to 
support this assumption. How these marked changes in RNase 
activity can be related to RNA synthesis is unclear. The 
amount of inhibitor increases before RNA synthesis (2). 
Our data reinforce this concept, since inhibitor in the experi- 
mental group reaches its peak before the RNA/DNA ratio 
starts to increase. Similar changes in inhibitor in sham-oper- 
ated animals, as pointed out above, may also indicate re- 
newed RNA synthesis after the initial reduction in RNA 
content. 

Although it is not known whether free RNase or bound 
RNase is the active form in vivo, several studies indicate that 
when free RNase is increased cellular RNA tends to decrease 
(3-5). In fact, Shortman has postulated that this is the mech- 
anism by which RNase regulates the amount of RNA (2). 
Our data showing a constantly elevated free RNase activity 
in the experimental group are not easily fitted into this con- 
cept. Moreover, the lasting 3-fold elevation of free RNase 
in this group poses a new problem in understanding the role 
of RNase, since it is hard to imagine why uninephrectomy 
can influence free activity so markedly in the face of a 20% 
increase in the amount of cellular RNA. Data collected from 
other tissues in our laboratory indicate that this high amount 
of free RNase is unique to the kidney, since in brain, liver, 
or placenta the amount of free activity in a whole homog- 
enate is only a small fraction of the inhibitor-bound RNase. 
One explanation of this characteristic of the kidney might 
be that two kinds of free RNase are being measured when 
an assay is done in the kidney cytoplasmic fraction. One 
type of RNase would be “intracellular” in the sense that it is 
actively participating in RNA metabolism of the cell, and 
the other an “extra-renal’’ RNase that has been “included” 
by the cell after it has been filtered and is being kept only 
momentarily before its excretion into urine, transport back 
into the plasma, or intracellular degradation. The possibility 
of RNase being taken up by the kidney has been previously 
considered to explain differences in the concentration of 
RNase between the renal artery and the renal vein (10). 
Consequently, the increased amount of free RNase in this 


experiment might indicate an increased physiological “load” 
of RNase on the remaining kidney and would, therefore, 
not be expected to correlate with concomitant changes in 
cellular growth. By contrast, inhibitor-bound RNase activity 
increases proportionally to the increase in protein and RNA 
per cell, suggesting that a new steady state in the relation- 
ship of bound RNase to cellular RNA has been achieved. 


This study was supported by Nutrition Foundation Grant 
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ABSTRACT A 12S species of RNA has been isolated 
from membrane-bound polyribosomes of MPC-11 mouse 
myeloma cells. This 128 RNA is translated by an extract 
of Krebs-II mouse ascites cells into immunoglobulin light 
chain. Labeled 12S RNA has been prepared by incubation 
of myeloma cells with [*H]Juridine in the presence of low 
concentrations of actinomycin D and ethidium bromide. 
This RNA has been hybridized under conditions of DNA 
excess to mouse myeloma DNA and to liver DNA. A C.t:), of 
about 150 has been obtained, corresponding to a reitera- 
tion frequency of about 40. Unlabeled 12S RNA competes 
with the labeled species in hybridization experiments, 
whereas globin mRNA or mouse ascites 12S RNA does not. 
It is suggested that 12S RNA hybridizes only to V,-genes 
of the same subclass, and that there may be several hun- 
dred genes coding for V,-regions of all subclasses in a 
mouse genome. Moreover, gene amplification in myeloma 
cells is not detected. 





Two main theories have been proposed to explain the origin 
of variability in the aminoacid sequence of immunoglobulin 
polypeptide chains (1). The germ line theory postulates that 
each aminoacid sequence is specified by a corresponding 
structural gene. Alternatively, somatic variation theories 
favor only a restricted number of basic sequences encoded 
by structural genes; during development, such basic sequences 
are subject to somatic mutations. Both theories have pre- 
viously received extensive consideration (1-3). 

One way of experimentally testing these theories is to mea- 
sure the number of polynucleotide sequences in a genome 
that are complementary to immunoglobulin mRNA. How- 
ever, this direct approach to the choice of germ line against 
somatic theories is complicated by several technical and 
theoretical problems. The following prerequisites must be 
satisfied: (¢) isolation of an mRNA for either light or heavy 
chains; (it) demonstration of the identity of the mRNA by 
its translation in a cell-free system; (iti) recovery of this 
mRNA, or its complementary DNA (cDNA), labeled with 
high specific activity; (tv) determination of the rate of hybrid- 
ization of the labeled mRNA (or cDNA) to DNA, from which 
rate an estimate of the number of complementary polynucleo- 
tide sequences may be obtained (the interpretation of the 
latter reaction is rather complex). Progress toward these 
goals has been recently reported: mRNAs for some myeloma 
light chains have been isolated and translated (4-7), DNA 
complementary to various mRNAs has been synthesized 
with viral RNA-directed DNA polymerase (8-10), and pre- 
liminary data on the hybridization of light-chain mRNA 
have been obtained (11). 


Abbreviation: SDS, sodium dodecy] sulfate. 


We describe here the isolation from MPC-11 mouse mye- 
loma cells, which secrete K chains, maintained in tissue culture 
(12, 13) of a 128 RNA that is translated into light chain in 
a cell-free extract of Krebs II mouse ascites cells (14). Hy- 
bridization experiments between the labeled 128 RNA and 
either mouse myeloma DNA or liver DNA suggest that 
immunoglobulin structural genes are not extensively re- 
duplicated. In addition, specific gene amplification was not 
detected. 


MATERIALS AND METHODS 


Cell Culture. Mouse myeloma cells of the 66-2 clone (K- 
chain secretor) of the MPC-11 line (kindly provided by Dr. 
Matthew D. Scharff) were grown as described (15). 


Preparation of RNA. Unlabeled 128 RNA was prepared 
from 2 liters of cells (5 X 10° cells per ml), which were washed 
with Earle’s saline and homogenized (15). Nuclei were spun 
down for 5 min at 400 X g, and membrane-bound polyribo- 
somes were pelleted by centrifugation for 5 min at 27,000 
x g (15). This pellet was resuspended in 1.5 ml of TNMD 
buffer [10 mM Tris-HCl (pH 7.4)-10 mM NaCl-1.5 mM 
MgCl.—50 ug/ml of dextran sulphate], then mixed with an 
equal volume of 1 M KCIl-10 mM MgCh-20 mM Tris: HC! 
(pH 7.4). The suspension was layered over 15-30% linear 
sucrose gradients in TNMD buffer, underlaid with a 0.2-ml 
cushion of 2 M sucrose. Membrane-bound polyribosomes 
were sedimented for 30 min at 25,000 rpm (84,000 X g), and 
recovered at the interphase between 30% and 2 M sucrose; 
the top portion of the gradient was discarded and 5 ml of 
TNMD buffer was added to the bottom 0.3-0.5 ml. This 
solution was centrifuged 5 min at 27,000 X g; the pellet was 
rinsed with 1 ml of RSB buffer [10 mM NaCl-1.5mM MgCl 
10 mM Tris-HCl (pH 7.4)] dissolved in 3 ml of 1% sodium 
dodecyl! sulfate in 5 mM Tris- HCl (pH 7.4) and layered over 
5-20% sucrose gradients in dodecyl sulfate buffer [0.1 M 
NaCl-1 mM EDTA-10 mM Tris: HCl (pH 7.4)-0.5% SDS]. 
The RNA was fractionated by three successive 24-hr centrif- 
ugations at 26,000 rpm in an SW27 rotor. Each time, the 
RNA sedimenting at about 12 8 was collected, precipitated 
with ethanol, redissolved in 1% SDS, and recentrifuged. 
The final centrifugation yielded a homogeneous peak at about 
12 S, as estimated from the sedimentation of appropriate 
RNA markers in parallel gradients. 

Labeled 125 RNA was prepared from 1 liter of cells, con- 
centrated by centrifugation (15) and resuspended at 2 x 10° 
cells per ml in the same medium, to which 40 ng/ml of actino- 
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Fic. 1. Preparation of labeled 128 RNA from myeloma cells. 
The RNA of membrane-bound ribosomes isolated from two liters 
of MPC-11 cells was applied to six sucrose gradients and frac- 
tionated. The absorbance at 260 nm was monitored in a Gilford 
recording spectrophotometer (A); the RNA sedimenting at about 
12 S was precipitated with ethanol after addition of carrier 4S 
yeast tRNA, applied to three gradients, and similarly fraction- 
ated (B). A further fractionation of this RNA was performed 
(C); the peak sedimenting at 12 S was isolated. The brackets 
indicate the fractions combined at each step. 


mycin D and 1 yg/ml of ethidium bromide were added. After 
30 min at 37°, 75 wCi/ml of [*H uridine (25 Ci/mmol) was 
added and the incubation was continued for 4 hr. The pro- 
cedures described above were followed to prepare membrane- 
bound polyribosomes and 128 RNA. The RNA was frac- 
tionated on three successive sucrose gradients, as indicated 
in Fig. 1, and finally analyzed by electrophoresis on a 4% 
acrylamide gel according to Weinberg et al. (16). The specific 
activity of the 128 RNA was about 3 X 104 epm/ug. 

188 rRNA was isolated from polyribosomes of cells in- 
cubated 18 hr with 5 wCi/ml of [*H Juridine, as described 
above for 128 RNA. This RNA was further purified by elec- 
trophoresis on preparative 2.6% acrylamide gels (17), pre- 
cipitated with ethanol, and dissolved in water. The specific 
activity of the 18S RNA was about 2 * 104 epm/yg. 


Translation of mRNA and Analysis of the Cell-Free Product. 
The Krebs II ascites cell-free system (18) was used with minor 
modifications (14). Appropriate amounts of RNA were added 
to 0.6 volumes of ascites extract and 0.1 volume of master 
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mix containing the components of the cell-free system (14). 
The final volume was adjusted by the addition of labeled 
amino acids (New England Nuclear), a complement of un- 
labeled amino acids (to 0.1 mM), and water. Incubations 
were performed at 30° for 60 min, and aliquots were counted 
(19). 

After the incubation, aliquots were analyzed by indirect 
immunoprecipitation with a rabbit antiserum prepared 
against Fab-fragment from MPC-11 IgG (kindly provided by 
Dr. M. D. Scharff) and goat antiserum prepared against 
rabbit IgG (20). Samples were prepared for gel electrophore- 
sis by precipitation with 5% Cl;CCOOH in acetone, collected 
by centrifugation, dissolved in 0.5 ml of 0.1 N NaOH, re- 
precipitated with 5% Cl,CCOOH, and then washed twice 
with 5% Cl;CCOOH and twice with acetone. The precipitates 
were dissolved in 6 M urea-1% SDS-0.1 M mercaptoethanol- 
50 mM phosphate buffer (pH 7), heated at 70° for 2 min, 
and electrophoresed on 18-cm 10% acrylamide gels for 14 hr 
at 8 mA/gel; the gels were then crushed and counted (21). 
Samples to be digested with trypsin were first aminoethylated, 
dialyzed against water, and lyophilized; they were then 
digested (22). The tryptic peptides were separated by paper 
electrophoresis at pH 3.6 for 6 hr at 4500 V (21). The papers 
were cut into l-cm strips and counted (21). 


Preparation of DNA, and DNA-RNA Hybridization. DNA 
was prepared from MPC-11 myeloma and liver tissue essen- 
tially as described (23). DNA extracted from isolated nuclei 
was sonicated to a molecular weight of about 200,000, as 
estimated by the method of Studier (24), precipitated with 
ethanol (23), and further purified by filtration through Sepha- 
dex SP-50. The DNA collected in the excluded volume was 
dialyzed extensively against deionized water and lyophilized. 
The yields obtained were about 1 mg/g of liver and 1.5 mg/g 
of tumor. 


Translation of myeloma 12S RNA in cell-free 
systems from ascites and HeLa cells 


TABLE 1. 





Reticu- 
locyte 
factors cpm 


Exp. I RNA 
(Ascites ) 12S myeloma 
12S myeloma 
128 myeloma 
Globin 
Globin 13,650 
445 
921 


Exp. II 
(HeLa) 12S myeloma 1,330 
12S myeloma 4,560 
Globin 2,060 

394 





Each reaction mixture contained the components of the cell- 
free system described in Methods, 1 or 2 wl of RNA solution, 2 
uCi of [*H]tyrosine (44 Ci/mmol), 1 ul of reticulocyte factors 
(where indicated), and water to a final volume of 10 wl. After 60 
min at 30°, 4-ul aliquots were sampled in duplicate and courted 
as described (21). The reticulocyte initiation factors were pre- 
pared free of globin mRNA according to Shafritz et al. (44). 
Globin mRNA was prepared as described (45). 
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DNA-RNA hybridization was performed under conditions 
of DNA excess (23). Reaction mixtures in 0.12 M phosphate 
buffer (pH 6.8) contained 1% SDS, 10-12 mg/ml of sonicated 
DNA, and RNA in an overall DNA to RNA ratio of 1 to 
5 X 10%. In a typical experiment, aliquots were drawn into 
alkali-washed, silicone-treated, capillary tubes and the ends 
were sealed. The tubes were heated for 5 min at 100° to de- 
nature DNA, and the reactions were then performed at 70°. 
“Zero time” controls were determined as described (23). 
After incubation, the samples were diluted 1:100 into ice- 
cold 0.3 M NaCl-0.030 M Na citrate. Equal aliquots were 
treated 30 min at 37° with or without 20 ug/ml of pancreatic 
ribonuclease. The samples were precipitated with 5% Ch- 
CCOOH in the presence of 100 ug/ml of carrier RNA and 
were collected on Millipore filters for counting. 

RESULTS 

Translation of 128 RNA and Characterization of Its Cell- 
Free Product. More than 50% of the proteins synthesized 
by membrane-bound polyribosomes of mouse myeloma 66-2 
cells consist of immunoglobulin chains (20). Whereas this 
clone secretes only light chains, it also synthesizes heavy 
chains at a rate similar to that of the parent cell line (13); 
these heavy chains are not assembled into IgG and are, pre- 
sumably, degraded (20). We have chosen to isolate light- 
chain mRNA from membrane-bound polyribosomes, since 
it is presumably present in this fraction in higher concentra- 
tion relative to other mRNAs. The preparation of membrane- 
bound polyribosomes was treated with 0.5 M KCl to remove 
contaminating free polyribosomes (25), and the RNA was 
fractionated by sucrose density-gradient centrifugation. 
Previous reports have shown that light-chain mRNA sedi- 
ments around 128 (4-7, 26). We precipitated the RNA from 
the region of the gradient corresponding to 12 8, and frac- 
tionated it twice further, as described in Methods (see also 
Fig. 1). 

The 12S RNA isolated in this way is translated efficiently 
by an ascites (18) or HeLa (27) cell-free system (Table 1). 
Translation is stimulated by the addition of rabbit reticulo- 
cyte initiation factors, as reported (28) for globin mRNA 
(Table 1). The cell-free product of 128 RNA has been char- 
acterized by immunoprecipitation, acrylamide gel electro- 
phoresis, and analysis of its tryptic peptides. Rabbit anti- 
MPC 11 (Fab), followed by the addition of goat anti- 
serum prepared against rabbit IgG to equivalence (20), pre- 
cipitated 38% of the labeled cell-free product of 128 RNA, 
whereas only 4% was precipitated when normal rabbit serum 
was substituted for the specific antiserum. 4% precipitation 
was also attained when rabbit anti-MPC 11 Fab was added 
to the cell-free product of globin mRNA. 

Acrylamide gel electrophoresis (Fig. 2) showed that the 
bulk of the cell-free product synthesized by 128 RNA mi- 
grated in the position of the marker light chain; however, 
a large portion of the radioactive protein migrated faster 
than the light chain, close to the position of an immuno- 
globulin fragment present in the marker used (secreted IgG 
of P-3 myeloma cells). We have observed the formation of 
fragments of MPC-11 IgG in cell-free incubations containing 
MPC-11 polyribosomes and an ascites S-100 fraction (20). 
Brownlee et al. (5) and Swan et al. (6) have also observed the 
presence of proteins smaller than light chain when 12S mye- 
loma RNA was translated by an ascites cell-free extract. 


Immunoglobulin Gene Reiteration 


Fic. 2. Acrylamide gel electrophoresis of the product of 
myeloma 128 RNA synthesized in an ascites cell-free extract. 
Two reaction mixtures similar to those described in Table 1 were 
scaled up to a final volume of 60 wl, and incubated with 60 uCi 
of [*H]aminoacids, 7.8 we of 128 RNA, or no added RNA. The 
samples were analyzed on 10% acrylamide gels. Mouse IgG, of 
the P-3 tissue culture line, uniformly labeled with ['*C)proline 
was added as marker (20): this IgG was resolved into three peaks 
(triangles) corresponding to heavy chains (H), light chains (ZL), 
and a fragment (Ff). The pattern of the cell-free product of 12S 
RNA (closed circles) has been superimposed on that of the control 
without added RNA (open circles). 


It is unclear whether these fragments are products of trans- 
lation of degraded RNA molecules or whether they are formed 
by the action on light chains of proteases present in the cell- 
free extract. Fragments of human light chains are found in 
the urine of myeloma patients (29), and can also be produced 
by proteolytic cleavage of Bence—Jones proteins (30, 31 
Finally, the tryptic peptides of [®S]methionine-labeled 
cell-free product were analyzed (Fig. 3). MPC-11 light chain 
uniformly labeled with [*H ]methionine was combined with 
the incubation mixture before digestion with trypsin and 


analysis by paper electrophoresis. The *H-labeled marker 


contained three peptides, which coincided in electrophoretic 
mobility with those obtained from the cell-free product of 
128 RNA. This result indicates that our preparation of 128 
RNA does not contain any major contaminating species of 
mRNA, unless this contaminant does not contain methio- 


nine. 


Isolation of Labeled 12S RNA and Its Use in DNA-RNA 
Hybridization. Clone 66-2 cells were incubated with [*H|}- 
uridine, in the presence of 40 ng/ml of actinomycin D and 1 
pg/ml of ethidium bromide to inhibit the synthesis of ribo- 
somal RNA (32) and mitochondrial RNA (33). The RNA of 
membrane-bound polyribosomes was fractionated (Fig. 1). 
A peak at 48 and two additional ones at about 125 and 14-16 
S were observed (Fig. 14). Repeated gradient centrifugation 
of the 128 RNA yielded a symmetrical peak (Fig. 1C). Acryl- 
amide gel electrophoresis (16) of this RNA showed a major 
peak at 12 S and a minor one at about 28 8S, possibly an ag- 
gregate (Fig. 4). From the estimated molecular weight of the 
128 RNA, we calculated that it contains about 800-900 
nucleotides, in agreement with previous determinations (6). 

Hybridization experiments with labeled 128 RNA have 
been performed under conditions of DNA excess (23) in 0.12 
M phosphate buffer at 70°. The C,t curve (34) of the transi- 
tion of 128 RNA from the single-stranded to the duplex form 
is shown in Fig. 5. The results have been corrected for back- 
ground ribonuclease resistance (7-10%). A Coti,, of about 
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Fic. 3 (left). Paper electrophoresis of a tryptic digest of the 
cell-free product of myeloma 128 RNA. Two reaction mixtures 
(similar to the ones described in Fig. 2) were incubated with 
50 uwCi of [*S}methionine (150 Ci/mmol) and either 15 yg 
of 128 RNA or no RNA. A total of 1,560,000 cpm was incorpo- 
rated with added 128 RNA and 160,000 cpm was incorporated 
without added RNA. The samples were diluted with 1 ml of 10 
mM NaCl-10 mM Tris-HCl (pH 7.4)-1.5 mM MgCl and cen- 
trifuged 2 hr at 160,000 x g to remove ribosomes. About 75% 
of the total radioactivity in the samples was recovered in the 
supernatants. Aliquots of these solutions were combined with an 
appropriate amount of MPC-11 light chain uniformly labeled 
with (*H]methionine before aminoethylation and digestion with 
trypsin (22). The samples were then dialyzed, lyophilized, and 
analyzed by paper electrophoresis at pH 3.6. The arrow indicates 
the point of sample application. No methionine-containing pep- 
tides were observed for the control sample to which no RNA was 
added (results not shown). (@——@), *H radioactivity: (O---O), 
%S radioactivity. 

Fig. 4 (right). Acrylamide gel electrophoresis of myeloma 12S 
RNA. The 12S RNA obtained by density-gradient centrifugation 
(Fig. 1C) was electrophoresed on a 6-cm long 4% acrylamide gel 
for 3 hr at 5 mA/gel. The positions of '*C-labeled EZ. coli 23S and 
16S rRNA and 4S tRNA markers are indicated by arrows. 


150 was observed, corresponding to a reiteration frequency 
(F) of about 40, as calculated by comparison with the Cot:,, 
and the analytical complexity of Escherichia coli cRNA and 
DNA (35). Due to thermal degradation of mRNA and failure 
to operate in sufficient DNA excess C,t:,, values may be 
underestimated by a factor of about two (35); these condi- 
tions could reduce by a similar factor our estimate of F. 
However, C,t:,, determined in phosphate buffers is usually 
underestimated by a factor of 2-3 (36). Hence, these effects 
tend to cancel each other, and the experimental C,t:,, pro- 
vides a reasonable estimate of F. 
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Fig. 5. Hybridization of myeloma DNA and 12S RNA. 
Sonicated, denatured DNA and labeled 12S RNA, prepared as 
indicated in Methods, were annealed in 0.12 M phosphate buffer 
at 70°. The overall DNA to RNA ratio used was about 3 X 10‘. 
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A maximum slightly above 50% hybridization was observed 
for the 128 RNA at a C,t of 10,000. A biphasic transition 
curve was not obtained, as would have been expected if the 
12S RNA hybridized to light chain variable (V) and common 
(C) region genes at. different rates. Perhaps we have observed 
hybridization to V-genes exclusively, and have not detected 
annealing to a unique C-gene; we have calculated the Cot:/, 
for the latter reaction to be about 6000 (35). Our reaction 
mixtures were incubated only to a C,t of 10,000, since pre- 
liminary experiments indicated that longer incubations lead 
to extensive RNA degradation. Consequently, a second 
transition may not have been observed. 

The 12S RNA hybridized to mouse liver DNA with a C,t:,, 
similar to that observed for myeloma DNA (results not 
shown). This finding suggests that immunoglobulin gene 
amplification does not occur in myeloma cells. As a control, 
18S rRNA was hybridized to myeloma DNA; a Cot:,, of 
20 (results not shown) was obtained, indicating an F cor- 
responding to 300 copies of rDNA, in close agreement with 
the value previously reported (23). 

The translation experiments demonstrated that unlabeled 
12S RNA contains light-chain mRNA. Although the labeled 
12S RNA was fractionated in an identical manner, it was 
necessary to prove that this RNA contains labeled light-chain 
mRNA. Thus, competition-hybridization experiments were 
performed between labeled and unlabeled 128 RNA and 
myeloma DNA in an attempt to establish an identity between 
these RNA species. 

Competition experiments are more efficiently performed 
at a complementary sequence ratio of DNA to RNA of 1:1, 
rather than under conditions of DNA excess. Hybridization 
was thus measured as a function of the overall DNA to RNA 
ratio (Fig. 6A); about 55% hybridization was reached at an 
overall DNA to RNA ratio of 104. This ratio was chosen as 
the starting point for the competition analysis of labeled with 
unlabeled 128 RNA (Fig. 6B). Unlabeled 128 RNA com- 


Hybridization (%) 


Fic. 6. (A) Hybridization of myeloma DNA and 12S RNA at 
different overall DNA to RNA ratios. Various amounts of DNA 
and a constant amount of RNA were hybridized in different 
reaction volumes as described in Methods. All samples were incu- 
bated to a C,t of 10,000. (B) Competition—-hybridization of 
myeloma DNA and labeled 128.RNA. Constant amounts of 
DNA and labeled 12S RNA were annealed with various amounts 
of either unlabeled myeloma 12S RNA (@——e), rabbit globin 
10S mRNA (X---X), or Krebs-II ascites 128 RNA (a) to a 
C.t of 10,000. 





Proc. Nat. Acad. Sci. USA 70 (1978) 


peted effectively with labeled 128 RNA at DNA to RNA 
ratios between 10‘ and 10°. A greater degree of competition 
would be expected upon further reduction of the DNA to 
RNA ratio. By contrast, 10S globin mRNA and 128 RNA 
isolated from membrane-bound polyribosomes from Krebs-II 
ascites cells did not compete with labeled myeloma 12S RNA, 
and the 128 RNA preparation is not highly contaminated 
with different mRNAs of similar size present in other mouse 
cells. 
DISCUSSION 

We have isolated a 128 RNA from membrane-bound poly- 
ribosomes of MPC-11 mouse myeloma cells. This RNA con- 
tains the mRNA for the MPC-11 light chain, since it can be 
translated into this protein. Nevertheless, we lack absolute 
proof that the 128 RNA is coding exclusively for light chains. 
Immunoprecipitation of light chains synthesized in vitro 
is not quantitative, since these light chains lack the proper 
disulfide bridges and tertiary configuration (20). Gel elec- 
trophoresis shows the presence of proteins with molecular 
weight lower than that of a light chain. However, fragments 
of light chains can be formed by proteolysis (29-31), and 
are indeed formed during the cell-free synthesis of light chains 
(20). The most conclusive test, the analysis of the tryptic 
peptides, may not reveal contamination of light-chain mRNA 
with other mRNAs, each present in relatively small amounts. 

In addition, it is possible that the 128 RNA contains other 
RNAs that are not translated, i.e., RNA of the small ribo- 
somal subunit of mitochondrial ribosomes (37) and break- 
down products of rRNA. Hence, during the labeling of RNA, 
we have included ethidium bromide and low concentrations 
of actinomycin D to inhibit the synthesis of mitochondrial 
RNA (33) and rRNA (32), respectively. Previous reports 
have shown that mRNA metabolism is essentially unaltered 
for several hours in the presence of these drugs (33, 38). 

The presence of unlabeled RNA species other than mRNA 
does not alter the C,t curve obtained with labeled mRNA 
(35). The transition to duplex formation for at least half of 
the sequence of the labeled 12S RNA shows a single transition 
curve (Fig. 5). This result indicates that about 50% of the 
labeled 128 RNA behaves as a homogeneous species during 
hybridization. The remaining labeled RNAs may not form 
duplexes, since either we have failed to operate in sufficient 
DNA excess (23) or these RNAs are transcribed from DNA 
sequences present as a single copy in the genome (34). 

Light-chain mRNA codes for the V and C regions of the 
protein. Genetic studies of alleles for C-region genes suggest 
that they are present as either single or double copies in the 
genome (1-3). Hence, we have probably failed to hybridize 
that part of light-chain mRNA coding for the C-region. If 
we assume that the C,t curve observed represents the an- 
nealing of that part of 128 RNA coding for the V,-region 
of the MPC-11 light chain, the results suggest that under the 
conditions used we detect about 40 DNA sequences per 
genome complementary to the 128 mRNA. The interpreta- 
tion of these data is complicated by the existence in mice 
of several subclasses of V,-chains, characterized by a different 
basic aminoacid sequence (39), and by the minimal informa- 
tion on the variability of aminoacid sequences within each 
subclass. 

Human V,-chains of one subclass are identical for 73-87% 
of their sequences (42). Most of the aminoacid interchanges 
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are localized in two or three hypervariable regions (40), and 
can be attributed to single nucleotide changes (42). V,-chains 
of different subclasses differ in about 40% of their sequences 
(42). The minimal stable length for duplex formation is 10-20 
nucleotides (41); thus, there is a high probability of duplex 
formation between the mRNA of one particular V,-chain 
and the polynucleotide sequences coding for other V,-chains 
of the same subclass, but hybridization with V,-genes of 
other subclasses seems less likely. The hybrids between mRNA 
and V,-genes of the same subclass may be mismatched at 
single base pairs, except for hypervariable regions (40). Ribo- 
nuclease digestion may remove groups of mismatched nucleo- 
tides, but probably does not remove single mismatched nucleo- 
tides; therefore, it seems possible to obtain a reasonable esti- 
mate of F for V,-genes of one particular subclass by the 
method used. 

If we have measured the number of structural genes coding 
for V regions of one V,-subclass, then the value of F obtained 
represents an underestimate of F for the total number of V,- 
genes. This value can only be obtained by summing F for 
each subclass. If the V,-sequence of the MPC-11 light chain 
belongs to a subclass of average size, and there are at least 
nine V,-subclasses in mice (39), we can postulate that there 
are probably no more than 500 structural genes for V,-regions 
in a mouse genome. Since the aminoacid sequence of the V,- 
region of the MPC-11 light chain and the relative frequency 
of proteins in its subclass are both unknown, it remains in- 
conclusive whether our results provide an accurate measure 
of the number of structural genes coding for V,-regions. We 
estimate this number to be no less than 40 and, probably, 
not more than 500-1000. This estimate differs from a previous 
one obtained by hybridization under conditions of RNA 
excess (42). It has been pointed out recently that the latter 
method does not measure gene reiteration accurately, since 
part of the mRNA transcribed from a single gene hybridizes 


to short polynucleotide sequences common to many unrelated 


genes (43). 
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ABSTRACT During infection of Escherichia coli, bac- 
teriophage T4 directs the synthesis of at least eight trans- 
fer RNAs and of two stable RNA species of low molecular 
weight, of unknown function. When T4 DNA is incubated 
with purified RNA polymerase and the appropriate sub- 
strates, a high molecular weight RNA is produced. This 
RNA, on further incubation with a supernatant fraction 
prepared from E. coli, is cleaved to several species of RNA. 
These cleaved RNAs were analyzed by gel electrophoresis 
and fingerprint techniques, and were found to be similar 
or identical to those made in vivo. The fingerprint analysis 
of one of these, a tRNA®'’, is presented. The molecule made 
in vitro, except for the absence of modified bases, appears 
to be identical to the RNA made by T4-infected cells. 
Therefore, in this system the tRNA genes are transcribed 
with fidelity, the transcript is cleaved correctly, and the 
tRNAs are made in good yield. 





Since transfer RNAs play a central role in cellular metabolism, 
it is important to understand the details of their synthesis. 
In the case of the tyrosine suppressor tRNA encoded by bac- 
teriophage @80pSu*III, the Su*III tRNAT* is transcribed 
with additional residues at the 3’ and 5’ ends of the molecule. 
This unmodified precursor RNA must be further cleaved and 
modified to yield the functional tRNA (1, 2). Several enzymes 
have been described that catalyze these modifications (3). 
However, it is not completely understood how the tRNA genes 
are arranged on the chromosome, how such genes are tran- 
scribed, or what special features allow for their regulation. 

Clearly much more could be learned about the synthesis of 
tRNA and its control by study of tRNA synthesis in vitro. 
Several groups have reported the in vitro synthesis of tRNA 
with the Su*III system (4-6). We have developed an in vitro 
system that synthesizes several of the tRNAs coded by bac- 
teriophage T4, and we have shown the fidelity of their tran- 
scription by fingerprint analysis. 

After infection of its host, Escherichia coli, bacteriophage T4 
directs the synthesis of some ten stable RNA species, eight of 
which are tRNAs (7-10, 23). The genes for these stable RNA 
species are all clustered together in a region of about 3000 base 
pairs on the T4 genome (11). Our working hypothesis is that 
these tRNA genes are part of a single transcription unit, and 
may constitute a tRNA operon. Thus, the T4 system provides 
us with the opportunity to study in detail the processing and 
modification of several tRN As from a large precursor. 

When T4 DNA is transcribed in vitro, RNA molecules of 
tRNA size are not made (12-14). However, it has been ob- 
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served (i) that mature tRNAs are stable to nucleases present 
in a crude extract of EZ. coli (2), whereas other RNAs are 
degraded, and (ti) that the incubation of a large ¢80pSu*III 
transcript with an £. coli supernatant yields molecules of 
about tRNA size (6). Our experiments have thus been directed 
toward testing the possibility that tRNA sequences might be 
revealed after the incubation of such T4 transcripts with an 
E. coli extract. 

In this communication, we show that the T4 tRNAs can be 
accurately transcribed in vitro from T4 DNA and processed 
correctly. We have analyzed one of the in vitro products, a 
T4tRNA®", and have concluded that the in vitro product has 


the same nucleotide sequence as that made in vivo. 


MATERIALS AND METHODS 


Phage T4D and phage T4 pSu,~A33 (11) were purified by 
equilibrium density centrifugation in cesium chloride. The 


DNA was extracted with phenol (15) and dialyzed against a 
solution containing 0.01 M Tris- HCl (pH 7.4)-0.05 M NaCl. 

The supernatant fraction was prepared from E£. coli Q13 
(16). Cells were grown in broth to late-log phase and harvested 
by centrifugation. The cells were washed and resuspended in a 
buffer containing 0.01 M Tris-HCl (pH 8.0)-0.01 M Meg- 
(OAc):-0.06 M KCl-6 mM 2-mercaptoethanol. After dis- 
ruption of the cells in a French press at 15,000 lb/in*, the ex- 
tract was centrifuged for 30 min at 31,000 < g and the upper 
1/; volume was collected. This fraction was extensively 
dialyzed against a solution containing 0.01 M Tris: HCl (pH 
8.0)-0.01 M Mag(OAc).-0.06 M NH,Cl-6 mM 2-mercapto- 
ethanol, quick frozen, and stored at —20°. 

RNA polymerase was isolated according to the method of 
Berg, Barrett, and Chamberlin (17). Fraction V enzyme had a 
protein concentration of 2.5 mg/ml. 

The reaction mixture for RNA synthesis (18) contained in a 
volume of 0.5 ml: 0.04 M Tris: HCl (pH 7.9), 0.01 M MgCh, 
0.16 M KCl, 0.1 mM EDTA, 0.1 mM dithiothreitol, 0.4 mM 
potassium phosphate (pH 7.5), 0.16 mM each of ATP, CTP, 
and UTP, 0.12 mM [a-**P]GTP (6 Ci/mmol; New England 
Nuclear Corp., Boston, Mass.), 100 ug/ml of DNA, and 50 
ug/ml of RNA polymerase. The reaction was incubated for 20 
min at 37° and terminated by the addition of 10 ug of actino- 
mycin D and 50 wg of DNase I (RNase-free, Worthington, 
Freehold, N.J.), immediately followed by the addition of 20 
ul of supernatant fraction from E. coli Q13 and 90 ug of carrier 
E. coli tRNA. The incubation was continued for 30 min at 
37°, and terminated by the addition of 0.75 ml of 0.25 M 
NaOdAc (pH 5.0) and 0.5 ml of 0.01 N HCl. 

The incorporation of [**P}]GTP was followed by the precipi- 
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Fig. 1. Rate of [a-*P]GTP incorporation by RNA polymer- 
ase with T4 DNA as template. At 20 min (arrow), E. coli Q13 


supernatant fraction was added to hydrolyze the unstable RNA 
species and to cleave the tRNA precursor. 
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tation of 2-ul aliquots from the reaction mixture with 5% 
Cl;CCOOH. Radioactivity was measured iu a liquid scintilla- 
tion counter. 

The RNA was extracted by shaking the reaction mixture 
with an equal volume of H,O-saturated phenol for 30 min at 
room temperature. The aqueous phase was fractionated on a 
column of Sephadex G-25 (1.8 K 25 cm) that had been equili- 
brated with 0.01 M NaOdAc (pH 5.0). The column was eluted 
with the same buffer. Fractions comprising the excluded peak 
of radioactivity were pooled and precipitated with ethanol. 

RNA was fractionated on acrylamide gels by the method 
described by DeWachter and Fiers (19). The 40-cm 10% gels 
(39:1, aerylamide-bisacrylamide) were prepared and run in 


m vivo 





T4* 


Autoradiogram of acrylamide gel separations. Com- 
parison of stable RNA species made in vivo and made in vitro 
with T4 or T4 pSu,~433 DNA as template, as described in the 
legend to Fig. 1. 


Fic. 2. 
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0.1 M Tris acetate (pH 8.3) at about 30 mA for 16-18 hr. 
Marker tRNAs were labeled in vivo with **P as described by 
Wilson and Abelson (20). Radioactive species on the gel were 
located by autoradiography. 

The RNA species that were to be fingerprinted were re- 
covered from the gel by homogenization of cut-out gel bands 
in 0.3 M NaCl. Acrylamide was removed by centrifugation 
and filtration through a Millipore filter. 

The fingerprint analysis was performed according to the 
procedure of Sanger et al. (21), and involved T1 RNase diges- 
tion followed by two-dimensional electrophoresis on cellulose 
acetate and DEAE-paper. 


RESULTS AND DISCUSSION 


Fig. 1 shows the incorporation of [a-*?P]GTP into RNA in an 
experiment in which T4D DNA served as template. After 20 
min of incubation at 37°, RNA synthesis was terminated by 
the addition of actinomycin D and DNase I. A crude 8-30 
supernatant fraction from E. coli was added and incubation 
was continued for 30 min. At the end of the incubation, only 
10% of the labeled RNA that was acid-precipitable at 20 min 
remained. This RNA was purified by passage through Sepha- 
dex G-25 (exclusion molecular weight about 10,000) and pre- 
cipitated with ethanol. The RNA was subjected to electro- 
phoresis in a 10% polyacrylamide gel. As a control, RNA pre- 
pared similarly with T4 pSu,~A33 DNA was used. All ten 
stable RNAs are deleted in this mutant. T4 [*?P]tRNA made 
in vivo served as a reference marker. Fig. 2 shows an autoradio- 
gram of the gel separation. 

The ten stable RNA species produced during T4 infection 


give rise to six bands in the gel separation. Bands 7 and 2 


Nearest-neighbor analysis of RNase T1 
oligonucleotides from band E 


TABLE 1. 





Nearest 
neighbor 
found 


RNase Nearest 
Tl neighbor 
product Sequence predicted 





1 G(A) G(D) None 
2 cG(G) 
AG(T), AG(A) 
UG(A) UG(A) 
pc(c) 
AUG(A) AUG(U) 
TwCG(A) 
AUAUCG(U) 
UAUAAUG(G ) U,G 
10 UAUAAUGomeG( D) Not present 
ll AUUCUCAUUAUCCG(C ) c 
12 AUUUACCUCAG(A ) A* 
13 ACUNCCAAWCUG(A) us 


15 CUCCA Not present 


OH 





The oligonucleotides were eluted from DEAE-paper and 
hydrolyzed by treatment with 0.2 N NaOH. The 3’ nucleotides 
were separated by electrophoresis at pH 3.5 on Whatman no. 52 


paper. 
* Oligonucleotides 12 and 13 were not resolved in Fig. 3B. 
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pH 35 


A. in vivo 


Fic. 3. Autoradiograms of fingerprints of tRNA’ made in vivo (Band 6, Fig. 1) and made in vitro (Band E, Fig. 1) 


contain stable RNAs of unknown function. Band 7 RNA is 
140 nucleotides long; it does not contain modified nucleosides, 
and its sequence is known (Paddock and Abelson, manuscript 
in preparation). Band 2 is about 100 nucleotides long. Band 3 
isa tRNA‘ whose sequence has been determined by McClain 
and Barrell (personal communication). Band 4 contains a 
tRNA" whose sequence is known (22). Band 4 contains at 
least five tRNA species (23). Band 6 is a tRNAS"’ whose se- 
quence has been determined (Stahl, Paddock, and Abelson, 
manuscript in preparation). Studies of these T4 tRNAs by se- 
quence analysis and by DNA-RNA hybridization indicate 
that all of them have distinctly different sequences from 
those of the host tRNAs (refs. 7, 9, 11, 22, 23, and unpublished 
results). 

The electrophoretic gel pattern of stable T4 RNA made 
in vitro strongly resembles the RNA made in vivo, and is 
quite distinct from that produced when T4 pSu,~A433 DNA 
is used as a template. Fingerprint analysis of these RNAs 
by the methods of Sanger, Brownlee, and Barrell (21) confirm 
the identity of the in vitro and in vivo bands. By these criteria, 
band A is similar or identical to band /, band C to band 4, 
and band E to band 6. Band D is similar to band 5, but may 
be contaminated by the material in band 8. Apparently, 
neither band 3, the tRNA*‘*, nor band 2 are made in vitro. 
(Band B does not have the same fingerprint as band 2, and 
appears to correspond to band a.) 

RNase T1 fingerprints of band E (in vitro) and band 6 
(tn vivo) are shown in Fig. 3. The in vitro labeling was per- 
formed with [a-**P]GTP. Since RNase T1 cleaves adjacent 
to GMP residues, each fragment contains a labeled 3’- 
terminal GMP (except the 3’-terminal fragment of the mole- 
cule, which contains no GMP). Thus, differences in the 
fingerprint patterns will arise primarily from differences in 
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B. invitro 


sequences or from the presence of modified bases in the tRNA 
made in vivo, but possibly not formed in vitro. Table 1 lists 
the sequences of the in vivo RNase T1 fragments (Stahl, 
Paddock, and Abelson, in preparation). In the in vivo tRNA 
fingerprint there are two oligonucleotides (9 and 10) derived 
from the same original sequence. Fragment 9 is shorter than 
10 by one residue, due to incomplete methylation in vivo 
(methylation forms the RNase Tl-resistant sequence 2’-O- 
methylguanosyl GMP). Only the shorter fragment appears in 
the in vitro fingerprint, indicating the absence of this modifica- 
tion. The nucleotide representing the 5’-end of the tRNA 
molecule, pGp (guanosine 3; 5’-diphosphate), is found in the 
fingerprint of the in vitro product. In other experiments, we 
have synthesized T4 tRNA labeled with [a-**P|CTP. RNase 
T1 fingerprints of band EF from this preparation show a spot 
with a mobility identical to spot 14, the 3’-terminal oligo- 
nucleotide. Thus, the cleavages at both ends of the molecule 
are identical to those occurring in vivo. 

To further examine the fidelity of this transcriptional 
system, we have determined the nearest neighbor distribution 
of labeled GMP in the fragments isolated in the fingerprint 
shown in Fig. 2B. Alkaline hydrolysis of the RNase Tl 
fragments should lead to the transfer of *P to the nucleotide 
adjacent to the terminal G, while in a fragment where a 
terminal G is followed by another G in the tRNA sequence, 
the terminal G will also be labeled. Table 1 shows the results 
of this analysis. The distribution of “P in each fragment 
derived from the RNA made in vitro is as predicted by the 
sequence of tRNAS!’. One exception is the presence of some 
free GMP in the analysis; this GMP probably arises from a 
slight contamination of the in vitro product. 

These results allow and encourage further studies of tRNA 
transcription, processing, and modification. Since we suspect 
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that the tRNA genes are part of a large transcription unit, 
we are investigating the nature of the primary transcript. 
We have already determined that it is quite large (our un- 
published results). 

The absence in the in vitro product of bands 2 and 3 
(tRNAS*) suggests that some factor, specified by the phage 
genome, is required for the synthesis or maturation of these 
RNAs. At least one bacteriophage T4 function, the product of 
the mb gene, appears to be necessary for the complete synthesis 
of T4 tRNA in vivo, since mb mutants fail to make bands 2, 
3, and one or two of the band 4 species (20). In order to 
achieve a complete in vitro synthesis of the T4 tRNAs, it will 
presumably be necessary to supplement the system with the 
product of the T4 mb gene. 
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ABSTRACT Fetal tissue from primiparous hamsters 
prevented simian virus 40 (SV40) tumorigenesis in male 
hamsters, whereas fetal tissue from multiparous hamsters 
did not. The parity status of normal (uninoculated) 
hamsters also influenced the cytotoxicity of their lym- 
phoid cells against tumor cells. Lymph node cells from 
nonpregnant primiparous and multiparous animals 
were cytotoxic in microcytotoxicity tests against SV40, 
polyoma, and adenovirus 7 tumor cells, but were not active 
against control BHK cells. Lymph node cells from virgin 
female donors were inactive. Peritoneal exudate cells 
from these donors reacted in similar fashion against 
SV40 tumor cells in vitro and in adoptive transfer tests in 
vivo. However, the cytotoxicity of peritoneal exudate cells 
from multiparous hamsters was greatly reduced during 
pregnancy, a time when noncytotoxic humoral antibody 
reactive with surface antigen of SV40 tumor cells is pres- 
ent. This humoral antibody is not detected during first 
pregnancy, and peritoneal exudate cells obtained from 
pregnant primiparous hamsters demonstrated a high de- 
gree of cytotoxicity. 





Many reports have described antigens that are shared by 
normal fetal cells and tumor cells (reviewed in ref. 1), and 
some described protection against tumor formation in hosts 
inoculated with fetal tissues (2-9). In addition, normal preg- 
nant multiparous hamsters develop antibody against surface 
antigens of simian virus 40 (SV40) hamster tumor cells (5, 8, 
10), and serum obtained from guinea pigs immunized with 
unfertilized mouse eggs is cytotoxic for SV40-transformed 
mouse cells (11). 

Inoculation of adult male hamsters with irradiated hamster, 
mouse, or human fetal tissue produces immunity to challenge 
by SV40 tumor cells and can induce cytostatic antibody for- 
mation (4-6, 8). Adenovirus 31 and SV40 tumorigenesis could 
be interrupted in males by inoculation of hamster fetal tissue 
administered to hamsters infected at birth before the appear- 
ance of tumors (5, 8). In addition, SV40 tumorigenesis could 
be interrupted in about 50% of hamsters by immunization 
with irradiated human embryo kidney (6). 

Prehn (2) noted that prior immunization with fragments of 
isogeneic mouse embryos inhibited growth of syngeneic tumor 
transplants. Hanna et al. (7) reported that immunization with 
mouse fetal tissues suppressed growth of cells infected with 
Rauscher leukemia virus and plasma cell tumors. Brawn (12) 
reported that multiparous mice possessed cytotoxic lymph 
node cells that destroyed several methylcholanthrene tumors 


Abbreviation: SV40, simian virus 40. 


in vitro and that soluble fetal extracts desensitized cytotoxic 
effector cells. 

In this report, we extend the initial observations (5) that 
hamster fetal tissue could delay the appearance of, and reduce 
the final incidence of, SV40-induced tumors. Further, we show 
the differential effect obtained with embryonic tissue derived 
from primiparous and multiparous females. Also, we studied 
cell-mediated immunity to SV40, adenovirus, and polyoma 
tumors, using lymphoid elements from normal multiparous 
and virgin female hamsters. 


MATERIALS AND METHODS 


Hamsters. LVG/LAK, Syrian golden hamsters, less than 
24-hr old, were inoculated subcutaneously into the inter- 
scapular space with 107-5 plaque-forming units of SV40, and 
at weaning were segregated by sex and randomized. Im- 
munization was by intraperitoneal inoculation of test vac- 
cines before the appearance of tumors. Normal embryos were 
harvested when 9-10 or 14 days of age. A finely minced prepa- 
ration was made, washed with minimum essential medium 
(MEM), and finally aspirated through a 17-gauge needle. 
The final suspension was adjusted to contain 1 embryo equiv- 
alent per 1 or 2 ml, held in an ice bath, and irradiated in a 
cesium source at 5000 R delivered in 28 min. One embryo 
equivalent was inoculated per hamster at each of three weekly 
intervals beginning 5-6 weeks after administration of SV40 
at birth. 


Microcytotoricity Procedure. The SV40 hamster tumor cell 
line, F5-1 (13), the adenovirus 7 tumor line, Pinckney (14), 
and the polyoma-transformed hamster line, TT109 (Flow 
Lab.), used as target cells were cultured in medium 199 
containing 10% calf serum (heat inactivated). Microcyto- 
toxicity tests were performed according to Brawn (12, 15), 
with several additional modifications (16). Target cells were 
grown overnight in suspension culture in Waymouth’s 
medium (GIBCO) with 10% fetal-calf serum, enriched by 
addition of 1 ml of 100 mM sodium pyruvate (Microbiological 
Ass.), 1 ml of nonessential aminoacid solution, and 14.6 mg 
of t-glutamine per 100 ml of medium, and buffered to pH 
7.2-7.4 with NaHCO;. The target cells were washed twice 
before they were suspended in Waymouth’s medium without 
serum for experiments with lymphoid cells. 

Animals that served as effector cell donors were stimulated 
intraperitoneally with 1 ml of 1% oyster glycogen initially and 
again 24 hr later, 1 hr before harvesting. At harvest of 
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peritoneal exudate cells, animals were injected with 15 ml of 
warm medium plus heparin (0.5 units/ml), and the fluid was 
aseptically collected by paracentesis with a 16-gauge needle. 
After the peritoneal exudate cells were washed twice with 
medium, they were incubated for 2-3 hr at 37° in a plastic 
petri plate for removal of adherent macrophages. The cells 
in the supernatant fluid were collected and suspended in 
serum-free medium to a concentration of 10? cells per ml. 

For lymph node cell suspensions, cervical, inguinal, and 
mesenteric lymph nodes were removed aseptically and 
pressed gently through stainless steel wire mesh, washed 
three times with 10 ml of enriched Waymouth’s medium, and 
suspended to a concentration of 10? cells per ml in serum-free 
medium, 

Tumor cells in 0.5 ml of medium (3750 or 7500 cells; 
>95% viable by dye-exclusion test) were placed in a screw- 
cap plastic tube with 0.5 ml of peritoneal exudate or lymph 
node cells (5 X 10® cells), incubated for 4-5 hr in a 37° 
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shaker-incubator, and suspended by repeated pipetting. 
0.1 ml was placed in each of eight wells of a microtest tissue- 
culture plate (Falcon Plastics). Peritoneal exudate and 
lymph node cells were also “plated” in the absence of tumor 
cells. The plates were incubated for 2 hr, after which 1 ml of 
Waymouth’s medium with 20% heat-inactivated fetal-calf 
serum was added to each well. The plates were then incubated 
for 2 days at 37°, fixed with methanol, stained with crystal 
violet, and washed. The number of attached cells was deter- 
mined by visual count under 100 X magnification. 


‘ 


RESULTS 


In Vivo Immunization Studies. Figs. 1 and 2 compare the 
results of two studies in which either multiparous or primip- 
arous females were the source of fetal tissue. There was no 
significant delay (Fig. 1) in SV40 tumorigenesis in either male 
or female recipients of 9- or 14-day fetal tissue deriving from 
multiparous females, and the final tumor incidence was 
essentially unaffected. However, when primiparous females 
served as the source of fetal tissue (Fig. 2), males inoculated 
with 10-day fetal tissue responded with both a delay in the 
appearance of the first tumor and a significantly reduced 
incidence of tumors; females showed no such response. The 
differences noted were reproducible. 

In both studies, normal hamsters subcutaneously inocu- 
lated with fetal tissues did not develop embryomas, indi- 
cating that adequate irradiation procedures for the fetal 
vaccines were used. 


In Vitro Cytotoxicity Tests. Brawn (12, 15) reported that 
multiparous mice possessed cytotoxic lymph node cells that 
destroyed several methyleholanthrene tumors in vitro. 
Soluble components from fetal-mouse tissues in midgestation 
desensitized specifically immune lymph node cells, preventing 
cytotoxicity against tumor cells. 

In our studies, normal multiparous (4 times pregnant) 
hamsters and age-matched virgin females were examined for 
cytotoxic cells. The results (Table 1) indicate reproducible and 
significant cytotoxicity against SV40 hamster tumor target 

TABLE 1. Cytotoxicity of peritoneal exudate cells from 


multiparous and age-matched virgin hamsters against 
SV40 hamster tumor target cells 








6/6,6/8 
10710 








6/9 


%e) 


( 


TUMOR INCIDENCE 











140 ¢ 180 200 220 
DAYS AFTER INFECTION 
Fic. 2. The effect of immunization with hamster-fetal tissues 
derived from primiparous females on SV40 tumorigenesis. Sym- 
bols: same as in Fig. 1. 


% 

Cyto- 

No. cells per tox- 
well + SE* icity - 


Target cells Parity state 





SV40 tumor Virgin 26 
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* Standard error: results are average counts of 20 wells. 
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cells but not against “normal” cells with peritoneal exudate 
cells from normal primiparous or multiparous females. 
Peritoneal exudate cells from virgin female hamsters were 
active only after immunization with SV40 on three weekly 
occasions as adults. Peritoneal exudate cells from normal 
virgin females were not cytotoxic; the results of cell counts 
with them served as the 100% viability control for all the 
calculations. 

The results shown in Table 2 with lymph node cells from 
primiparous and multiparous hamsters compare favorably 
with those with peritoneal exudate cells. The activity was 
directed against SV40, adenovirus 7, and polyoma tumor 
cells. Lymph node cells from normal virgin females were not 
cytotoxic. It has been noted that lymph node cells were 
sometimes less reactive than peritoneal exudate cells. Lymph 
node cells from virgin females immunized with SV40 were 
specifically cytotoxic (37-50%) against SV40 tumor cells, but 
were inactive against polyoma tumor cells. 


In Vivo Cytotoxicity (Adoptive Transfer) Tests. Peritoneal 
exudate cells were collected from several female donors in 
different states of parity, washed without removal of adherent 
macrophages, standardized, mixed with SV40 tumor cells, 
and incubated in Waymouth’s medium for 30 min at 37°. The 
cells were gently resuspended; a sample was counted and 
injected subcutaneously in the subscapular space of 4- to 
6-week-old normal male hamsters. Each hamster received 
a mixture of 10‘ target tumor cells and 10° peritoneal exudate 
cells. Animals were palpated weekly for tumors. The results 
(Fig. 3) indicate that 10-day pregnant primiparous as well as 
nonpregnant multiparous donors possessed peritoneal exudate 
cells cytotoxic for SV40 tumor cells, whereas virgin donors 


TABLE 2. Cytotoxicity of lymph node cells from primiparous, 
multiparous, and virgin hamsters against SV 40, polyoma, 
and adenovirus hamster tumor cells 





% 
Cyto- 
No. cells per tox- 
well + SE* icity 


Target cells Parity state 





Primiparous lymph node cells 
SV40 Virgin 166 + 10.4 
Primiparous 108 + 11.4 

Adenovirus 7 Virgin 24.4 + 2. 
Primiparous 10.0 + 1 
Virgin 47+3 
Primiparous 20 + 2. 
BHK-21 Virgin 204 + 19. 
Primiparous 251 + 21. 


<0.001 

4 <0.001 

Polyoma a — 
<0.001 

9 wae 

9 


Multiparous lymph node cellst 
SV40 Virgin 160 + 12.0 — 
Multiparous 7 + 6.5 f <0.001 
Adenovirus 7 Virgin 24.5 + 3. 
Multiparous 9.621. 
Polyoma Virgin 38 + 8. 
Multiparous 14 + 2. 
27 
7 


<0.01 
<0.02 


BHK-21 Virgin 140 + 


Multiparous 161 + 





—, Control value. 

* Standard error: 20 wells counted and averaged per value. 
t Probability determined by Student’s (-test. 

t 3-4 times pregnant. 
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Fic. 3. SV40 tumor development in male hamsters challenged 
subcutaneously with 10* SV40 tumor cells mixed with 10° peri- 
toneal exudate cells from hamsters in various states of parity. 
O, Virgins; @, 10-day pregnant multiparous; 0, nonpregnant 
multiparous; 4, 10-day pregnant primiparous; @, SV40. 


did not. However, the cytotoxicity of peritoneal exudate cells 
of the multiparous females was absent during pregnancy. One 
is reminded that multiparous hamsters, while pregnant, 
develop cell-surface antibody (5, 8, 10), and this antibody 
might be responsible for the observed blocking of the 
cytotoxicity of peritoneal exudate cells. Primiparous, 10-day 
pregnant hamsters do not have detectable titers of this anti- 
body, and, as noted in Fig. 3, their peritoneal exudate cells 
were as cytotoxic as those obtained from animals immune to 
SV40 tumors. 
DISCUSSION 

Our results on the prevention of SV40 tumorigenesis extend 
previous studies establishing that males are more responsive 
than females to inoculation with irradiated 9- to 10-day fetal 
tissue and that irradiated 14-day fetal tissue is ineffective in 
both sexes. Furthermore, they indicate the advantage of 
embryonic cells from primiparous females. 

Multiparous animals possessed lymph node and peritoneal 
exudate cells cytotoxic for hamster tumor cells in vitro, while 
virgin animals did not. This finding confirms the principle of 
autosensitization during pregnancy reported by Brawn (12, 
15), extending it to three tumors transformed by oncogenic 
DNA viruses. Also, primiparous as well as multiparous 
hamsters possessed cytotoxic peritoneal exudate cells capable 
of protecting normal male hamsters against SV40 tumor cell 
challenge in adoptive transfer tests, supporting in vitro 
results. Direct challenge of the donors of peritoneal exudate 
cells resulted, however, in equivalent tumor development in 
all donors, and one might postulate that blocking factors are 
present coordinately with cytotoxic cells, impairing the 
toxicity of sensitized cells in the donors. The data in Fig. 3 
would support such a hypothesis, since the cytotoxic peri- 
toneal exudate cells from multiparous hamsters had greatly 
reduced activity during pregnancy when it is known that 
noncytotoxic antibody, reactive with the cell surface of 
SV40 tumors, is present (5, 8, 10). Enhancement of SV40 
tumor takes coordinate with increased numbers of pregnan- 
cies has been noted recently in other experiments. 
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In addition, normal females sensitized to fetal tissue 
developed such cytostatic antibody (as did males), but showed 
no capacity to reject tumors, either autochthonous or trans- 
planted (5, 8). These immunologic findings possibly have 
evolutionary significance in females, representing a two-way 
protective mechanism in the maternal-fetal relationship. 
The cytostatic antibody developed normally during preg- 
nancy may have a dual function: (a) to protect the fetus from 
cell-mediated rejection, and (6) to prevent “metastases” at 


ectopic sites from accidentally released fetal cells. Perhaps 


females have evolved this humoral mechanism more effi- 
ciently in order to suppress its ability to respond functionally 
with cellular immunity to fetal homograft, even though 
active peritoneal exudate and lymph node cells can be 
demonstrated to be present normally (Table 2 and Fig. 3). 
Thus, males but not females would be free to respond pro- 
tectively when inoculated with appropriate fetal tissue. 

Why then do females respond to inoculation of irradiated 
SV40 tumor cells with tumor resistance if the protective 
(surface) tumor transplantation antigen of SV40 tumor cells 
is the same antigen present in 10-day fetal tissue? Perhaps the 
embryonic cells contain many antigenic sites involved in stim- 
ulating the humoral antibody response, which blocks cell- 
mediated immunity, while the tumor cells may contain masked 
or fewer of these sites and stimulate the cell-mediated response 
more selectively. Also, fetal cells may respond to hormonal 
stimuli in adult female tissue and undergo membrane matura- 
tion and masking of the antigen inducing tumor resistance. 
In recent studies we have demonstrated that females develop 
weaker transplantation resistance than males when immu- 
nized with SV40 tumor cells (9). 

The humoral response of the donor female may play an 
important role in determining whether the tissue of her 
fetus can effectively immunize recipient hamsters. During 
early embryogenesis in primiparous females, the autosensitive 
antibody response may be quite low, presumably due to in- 
experience of the females with the antigen; thus, 10-day 
fetal tissue would be immunogenic. During late term, the 
14-day fetal tissue would be ineffective if the primary anti- 
body response resulted in blocking. Although the antibody 
has not been detected in circulation in 14-day primiparous 
females, a sufficient amount might be absorbed on fetal 
tissue in utero. In multiparous females where humoral anti- 
body is detected, an anamnestic response could ensure pro- 
duction of sufficient antibody to cover embryonic sites even 
at day 9, thereby explaining the lack of protective immuniza- 
tion with such tissue. Some support for this concept was ob- 
tained in preliminary experiments. Females splenectomized 
to reduce the humoral response react protectively to fetal 
vaccine (9). In addition, quantitative cytofluorograph 
measurements of the amount of antibody on fetal cells 
indicate a 4-fold increase in antibody on fetal cells in multiple 
pregnancy as compared to that on primiparous fetuses (9). 

Alternatively, the important immunizing antigen might not 
be expressed during late embryogenesis, or if expressed, 
could be masked by other than immunologic means. Mild 
trypsinization of ineffective fetal tissue may remove either 
cellular components or antigen-antibody complexes that 
block the sites important for development of cell-mediated 
immunity. Then even females might be expected to react with 
tumor resistance after inoculation of fetal tissue. This seems 
to be the case in our initial study previously reported (17). 
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The observed phenomenon of specific resistance stimulated 
by tumors and the broad, crossreacting response of active 
fetal tissues may have an explanation in that different re- 
pressed genetic sites may become activated by different on- 
cogenic agents. This could result in tumors that vary from 
each other in antigenic reexpression, but that crossreact with 
fetal tissue since, in the latter, the various sites would be 
expressed normally, Neither the data reported here nor in 
previous publications contest the idea that oncogenic stimuli 
may, in themselves, induce new antigens of a “nonfetal’’ 
type (18), but they do stress that antigenic sites important for 
tumor (and fetus?) survival or rejection are expressed during 
normal embryogenesis and during tumorigenesis. 


This study was conducted at the Wistar Institute under Con- 
tract nos. 43-62-157 and 71-2092, and at ORNL and The Uni- 
versity of Tennessee under Contract No. FS-7, within the Special 
Virus Cancer Program of the National Cancer Institute, NIH, 
PHS. A.J.G. is a Leukemia Scholar of the Leukemia Society of 
America. MAN program is Supported by the National Cancer 
Institute, The National Institutes of General Medical Sciences, 
The National Institute of Allergy and Infectious Diseases, and 
the U.S. Atomic Energy Commission, and in part by U.S.A.E.C. 
Contract AT(40-1) 3646. Oak Ridge National Laboratory is 
Operated for the U.S.A.E.C. by Union Carbide Corp. Nuclear 
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ABSTRACT A model is presented for the evolution of 
several aspects of sociality based on reciprocal ties of 
social cooperation, modeling especially cooperative hunt- 
ing behavior in carnivores. This model captures the pos- 
sibility of a critical threshold in gene frequency, which, 
if reached, will lead to an explosion toward fixation of 
the “social” trait. This threshold phenomenon might be 
restated as follows: the precondition for evolution favor- 
able to the specific form of social behavior considered 
is hard to satisfy, but—once this condition is satisfied— 
the tendency toward sociality is effectively irreversible. 
The simple model proposed appears to be highly robust, 
with most realistic changes additionally favoring the 


social gene. 





There is growing evidence (surveyed in ref. 1) that formation 
of stable pair bonds between unrelated individuals other than 
mated pairs may be a behavioral basis for many vertebrate 
social adaptations, especially cooperative hunting behavior 
in carnivores (2) and the social structure of certain nonhuman 
primates (3). Looked at from the standpoint of its possible 
evolutionary origins, any predisposition for cooperative be- 
havior cannot benefit a species member unless this individual 
happens to encounter and enter into a cooperative relation 
with another individual similarly adapted. The present note 
explores the problem of generating a critical mass of indi- 
viduals with cooperative potential of this kind, assuming 
that such potential is genetically controlled. The process is 
developed from the standpoint of frequency-dependent 
selection in mathematical population genetics, and it is 
shown, as a consequence of this frequency-dependent struc- 
ture (4, 5), that selection of social cooperation may have some 
interesting structural properties; more extensive mathe- 
matical developments will be published elsewhere. The con- 
crete model proposed appears particularly suitable for study 
of the initial evolution of carnivore social behavior, though 
the applicability may extend quite generally throughout 
species where nonsexual pairbonding is identifiable and 
important. Moreover, insofar as the basic human adaptation 
may be more carnivore than primate (2), the model may be 
of interest for early human evolution. 

The essence of our results is the prediction of a very fast 
increase in the frequency of an “altruist” allele once a certain 
critical threshold is exceeded. Specifically, consider a simple 
Mendelian dominant-recessive pair (B,b) with the following 
postulated selection mechanism. Interpret the 6b recessives 
as having the capability for entering into a relation of co- 


t Order of authorship is alphabetical. 


operation with other bb individuals; a special case is what has 
been called (1) reciprocal altruism. Assume a population of 
highly mobile individuals that is randomly mixing within a 
generation (as is consistent with the predation behavior of 
many animal species), and suppose that each homozygous 
recessive individual in each generation makes V > l random 
contacts with other individuals of the species (for simplicity 
we assume N fixed and generations nonoverlapping) ; these 
contacts define a random graph or network in each generation. 
Certain of these contacts will, in general, be with individuals 
of the dominant (uncooperative or solitary) phenotype; if 
the frequency of the 6 allele is low and if N is small relative 
to the total population, then most or all of the contacts will 
be with dominants. Now, in the simplest model, assume that 
the bb phenotype is lethal if an individual of that phenotype 
fails to encounter (in the course of his random contacts with 
other species members) another individual who is also re- 
cessive; but assume that the bb phenotype has superior 
fitness should linkup occur (the phenomenology being that 
the contact with another recessive individual allows a co- 
operative relationship to develop that raises the fitness of 
both species members in question). 

Running the process out in time, the following phenomenon 
occurs. There exists a critical density of the cooperative 
allele, Berit, Such that, if the starting frequency of the allele 
exceeds this value, then the frequency of the cooperative 
phenotype will explode, and the cooperative trait will even- 


tually fixate in the population. If the starting frequency falls 
below Berit, then the frequency of 6 will die away relatively 


slowly, and asymptotically the decay is algebraically slow 
like 1 /n, where n is the number of generations (this slow decay 
occurs for the standard reason that most of the remaining 
recessive alleles stay hidden in the heterozygotes: see ref. 6). 
This asymmetry ol the rates of genetic change above and 
below Berit is a Very important conclusion that may be drawn 
from the present model. Crudely stated in qualitative terms, 
what this asymmetry entails is that, for 8 even slightly 
exceeding Berit, the social trait will move on a turnpike to 
fixation that minor environmental fluctuations are unlikely 
to reverse; whereas if a population, for whatever reason, 
achieves a significant frequency 8B = Bo < Berit, a significant 
frequency of the cooperative trait will persist for a very long 
time, and any of a wide variety of random environmental 
fluctuations (7) could act on this frequency to push the 
process over the critical threshold. 

Fig. 1 gives a diagrammatic illustration of the general 
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Fig. 1. Graph of intergenerational frequency change 8 — 

F(8). Berit is the unique value of 8 between 0 and 1 that is a fix- 
point of Fig , i.e., for which Berit = F (Berit). 


qualitative behavior of F(8), defined to be the frequency of 
the recessive in the second generation given that this fre- 
quency is 8 in the first. One can giv» a particularly simple 
analytic form to F(8) by making the following assumptions: 
(1) The population is large and is in Hardy-Weinberg 
equilibrium with B having frequency a = 1 — 8 and b 
having frequency 8. 
N is constant, uniform over individuals, and is small 
relative to the population size. 
The fitness of a recessive who links up with another 
recessive is 1; the fitness of all dominants is a constant 
a, with 0 < o < 1, which may be interpreted as a survival 
probability per individual per generation; the fitness of a 
recessive that fails to link up is 0 (i.e., in this case the 
recessive phenotype is lethal). 
The contact network in each generation is random 
(random mixing). 
Mating is random, and is uncorrelated with the contact 
network. 
Under these baseline assumptions, the probability that a 
given recessive will link up with some other recessive can be 
well approximated in the interesting 8 ranges (not too near 
0 or 1) by the expression 


f(B,N) = 1— (1 — B%)*, (1) 


which ignores sampling without replacement considerations 
and certain other statistical subtleties. 
Then it can be shown that 


f(8,N N 
SBN) a+, a + pif [2] 
Cg 


F(s) =| Bla+B8 
and the qualitative behavior of F(8) in Fig. 1 may be de- 
duced. The value crit is given by the unique internal fixed 
point of the mapping 8B —~ F(8); above Berit the growth is 
essentially exponential, while for 8 < Berit the decay is asymp- 
totically algebraic and F'(8) is tangent to the 45° line at the 
origin, so that at very low 8 values decay is very slow indeed. 

In this simplest model, the effects of social cooperation 
networks have been developed as a special case of frequency- 
dependent invididual (Mendelian) selection, which as a pure 
concept is quite old, going back to studies by Wright (sur- 
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veyed in ref. 8). As Levins (7) has pointed out, however, 
frequency-dependent selection as a concept has in general 
lacked motivation, and the main contribution of the present 
model from this standpoint lies in its use of network’ connec- 
tivity considerations in generating a concrete frequency- 
dependent mechanism. Moreover, most existing work on 
possible frequency-dependent selection effects stresses cir- 
cumstances in which such effects lead to stable polymorphism, 
which is most relevant to a set of problems quite different 
from those involved in modeling social evolution (though 
see ref. 9). The utility of the present model lies in the fact that 
it is able to relate a threshold effect based on frequency- 
dependence to the possible evolution of a very specific and 
important form of sociality, namely, pairwise ties of social 
cooperation, i.e., to a primitive form of social networks. 

It can be shown that the basic qualitative form of F(8) 
displayed in Fig. 1 remains invariant for much more general 


f(8,N) than that given by Eq. [1]. Specifically, the behavior 


shown in Fig. 1 is present if f = f(8;p) where f’(8) > 0 (f is 
strictly monotone increasing) and f(0) < o < f(1), p being 
any fixed vector of parameters. In consequence, the basic 
mathematical behavior of the model is extremely robust, and 
the evolution of a wide variety of more complicated social 
network and group structures could be modeled along similar 
lines. 

Moreover, it is important to stress that many perturbations 
of the null assumptions /-5 actually help the recessive, 
essentially by pulling down the effective Berit. Thus, in 
particular, if one considers nonrandom contacts owing to 
population viscosity, preferential mating (assortative between 
phenotypes), or positive correlation between the mating 
structure and the pattern of contacts between species mem- 
bers in a given generation—all of these assumptions being 
highly realistic—the result is a decreased value of Berit and a 
general increase in the relative advantage of the recessives. 
In particular, in an island-like system consisting of a large 
number of small and weakly coupled populations that are 
internally panmictic (10, 11), if the bbs manage to take over 
even one local population, then eventual conquest of the 
whole metapopulation by diffusion outward from this secure 
base is essentially assured for appropriate migration rates, 
even though such conquest may take a long time. Further 
analysis of these qualitative statements involves interaction 
between sampling-with-replacement considerations necessary 
in the analysis of small local populations, stepping-stone 
models, drift effects, and comparison of relative time scales. 

The present model has some resemblance to the models of 
Scudo and Karlin (12) dealing with the superior fertility of 
homogamous matings, which also may lead to thresholds of 
allele frequency, but has the crucial difference that these last 
models reduce or, in the limit, eliminate fertile interphenoty pe 
pairings, whereas the present model does not. One specific 
consequence of this asymmetry is that, in the Scudo—Karlin 
model, the dominant phenotype is in a symmetric position 
with the recessive one as far as the death of its alleles in 
cross-phenotype matings is concerned, and is, in this sense, 
likewise disadvantaged. The present model, by contrast, 
stresses the asymmetries between a solitary dominant and a 
social recessive. 

At the same time that it is reasonable for social carnivores 
and certain other social vertebrates, it should be stressed that 
the whole thrust of the present network mechanism goes 
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strongly against much known data for social insects where 
pair bonding based on individual recognition plays a much 
smaller role (13, 14). As far as applications of the model are 
concerned, the main unsolved problem is differentiating the 
effects of a pairwise cooperation mechanism of the kind we 
have delineated from kin selection effects that are certainly 
present in most carnivore packs and social vertebrate groups 
in general (15). This differentiation remains largely an un- 
solved problem. It should be stressed, however, that the 
present model is like kin selection in that it postulates no 
group selection mechanism involving competition between 
intrinsically higher-order units such as colonies or populations 
(11, 16, 17). If higher-order units are involved in the present 
considerations, they should be thought of as networks, 
which are based on kin ties in kin selection and ties of co- 
operation in models along the lines of the present paper. 


We are indebted for the comments of R. H. MacArthur, N. 
Howell, E. O. Wilson, T. W. Schoener, H. C. White, R. M. Solow, 
and 8. Wright. Support for research on which the present work 
is based was obtained from NSF Grants GS-2689 (Principal Inves- 
tigator: Harrison C. White) and GB-7734 (Principal Investigator: 
Edward O. Wilson). 
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ABSTRACT Marmoset blood leukocytes transformed 
in vitro by Epstein-Barr virus regularly release extracellu- 
lar infectious Epstein-Barr virus with high titers of trans- 
forming activity. By comparison, human umbilical cord 
leukocytes and adult human leukocytes transformed by 
Epstein-Barr virus release either no extracellular infectious 
virus or small amounts, irregularly. 





Human lymphoblastoid cells that contain Epstein-Barr virus 
(EBV) restrict replication of the virus. In some human lym- 
phoblastoid lines no viral nucleocapsids are found, yet the 
viral genome is detectable by nucleic acid hybridization (1, 
2). In other lines nucleocapsids or viral antigens detected by 
immunofluorescence (immunofluorescence antigens) are pro- 
duced in only a few cells, although cloning experiments demon- 
strate that all cells contain the viral genome (3-5). Further- 
more, not all lines in which nucleocapsids or immunofluores- 
cence antigens are found give rise to biologically active virus 
detectable by transformation or superinfection assays (6, 7). 
The mechanisms of restriction of EBV by the host cell are 
unknown and present important practical and theoretical 
problems. The lack of a cell type that yields large amounts of 
virus has hindered study of the virus. The means of restriction 
of virus by the cell deserves study as an important example of 
the control of gene expression. 

We recently reported that leukocytes from two species 
of new-world primates transform into continuous cell lines 
after exposure to EBV (8). Certain features of these cells sug- 
gested that simian leukocytes might produce more EB virions 
than transformed human leukocytes. A higher fraction of 
monkey cells than human cells demonstrated intracellular 
immunofluorescence antigen. In simian cell lines syncitia 
evolved that were the site of accumulation of immunofluores- 
cence antigen, and the multinucleate giant cells contained 
intranuclear inclusions. Accordingly, supernatant fluids of 
EBV-converted monkey cells were tested for the presence 
of cell-free virus, which was readily demonstrated. This re- 
port is concerned with identification of the extracellular virus 
as EBV, a description of the virus’ morphology and growth 
characteristics, and evidence that production of extracellular 
EBV is due to factors inherent in the transformed cell type 
rather than to a permanent change in the virus resulting from 
passage through simian cells. 


METHODS 


Virus. Two EBV strains were derived from patients with 
infectious mononucleosis: one (Hawley) from peripheral 


Abbreviation: EBV, Epstein-Barr virus. 


blood leukocytes, the other (Lederer) from a throat washing. 
The Hawley strain was maintained as a line of the patient’s 
blood leukocytes (883L) or as a line of marmoset blood 
leukocytes (B95-8), which was established after exposure to 
an extract of line 883L. A virus stock from the B95-8 line 
consisted of culture fluids that had been centrifuged (400 x 
g); the supernatant had been frozen and thawed and passed 
through a 0.8-um filter and stored at —70°. Virus of the 
Lederer strain was obtained by having the patient gargle 
100 ml of medium RPMI 1640. Fetal bovine serum (final con- 
centration 2%) was added to gargle fluids, which were frozen 
and thawed three times, then centrifuged at 400 xX g for 
10 min; the supernatant was filtered and stored at —70°. 
Transforming activity in extracts of lines 883L and B95-8, 
and in the Lederer throat washing, was neutralized by human 
sera with EBV antibody and unaffected by human sera free 
of EBV antibody (refs. 7, 8, and Miller, G. & Niederman, J. 
C., N. Engl. J. Med. in press). 


Infectivity Assay. Transformation of umbilical cord leuko- 
cytes was the measure of EBV infectivity. Transformation 
was recognized by clumping, acid production, increase in 
cell numbers, and acquisition by the culture of the ability 
to be repeatedly subdivided. The terminal dilution method 
was used, four cultures per dilution, and titers were calculated 
by the Reed Muench formula. Cord leukocytes were used at 
10°/ml, and one cord yielded from 50-150 cultures. As far as 
possible a single umbilical cord served as the source of assay 
cells in comparable titrations; the infectivity titers presented 
in Tables 1 and 3 and Fig. 2 were obtained with one cord each. 
Included in each experiment were cultures consisting of 
leukocytes not exposed to EBV; no transformation occurred 
in these controls. 


EBV Antigens and Neutralization Tests. Four reference 
human sera, two antibody-positive from mononucleosis 
patients and two antibody-free sera from healthy adults, 
were used to identify EBV antigens. EBV antigens detectable 
by complement-fixation were measured in cell extracts pre- 
pared from 5 X 10? cells per ml, and also in frozen and thawed 
supernatant fluids (8). The indirect method of Henle and 
Henle was used to enumerate the proportion of cells with 
EBV immunofluorescence antigen (9). 

Infectious transforming virus released from marmoset cell 
cultures was identified through neutralization tests with the 
same two antibody-positive and two antibody-negative ref- 
erence human sera. About 30 infectious units were mixed with 
2-fold dilutions of serum, beginning at 1:2, and incubated for 
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1 hr in a 37° water bath. The mixture was assayed for in- 
fectivity on umbilical cord leukocytes. 


Ether and Chloroform Sensitivity of EBV. The effect of lipid 
solvents on the transforming capacity of virus released from 
marmoset cells was determined as follows: 2 ml of B95-8 
virus stock was mixed with 1 ml of anhydrous ethyl] ether 
and placed at 4° for 4 hr. For chloroform treatment, 2.7 ml of 
B95-8 virus stock was mixed with 0.3 ml of chloroform and 
placed at 4° for 1 hr. The organic layers were discarded, and 
air was bubbled through both mixtures for 2 min. Titrations 
of infectivity were done on untreated B95-8 stock virus and 
on the aqueous phase of chloroform-treated and ether-treated 
virus. 


Examination of EBV Particles by Electronmicroscopy. Cells 
were sedimented from 200 ml of culture fluid at 400 X g for 
20 min. The supernatant was centrifuged at 20,000 rpm in 
an SW25.2 rotor at 5°, and the resulting pellets were sus- 
pended in about 1/30 volume of Tris-HCl-buffered saline 
plus 1% bovine-serum albumin. This material was placed on 
top of a discontinuous gradient of 10 and 50% potassium 
tartrate in buffer (pH 7.4) composed of 1 M NaCl-0.1 M 
Tris-HCl-10 mM EDTA. An interphase with an opalescent 
band, which appeared after centrifugation at 25,000 rpm in 
an SW41 rotor at 5° for 2 hr, was collected. This interphase 
was then centrifuged in a linear 20-30% potassium tartrate 
gradient for 17 hr at 25,000 rpm in an SW41 rotor. An opales- 
cent band in the bottom one-third of the tube was collected 
for electronmicroscopic examination and for density determi- 
nation by weighing. Aliquots from the cell culture fluids after 
initial clarification, from the pellet after the first high-speed 
centrifugation, and from the interphase after centrifugation 
in the discontinuous gradient were also examined by electron- 
microscopy. Samples were placed on Formvar carbon-coated 
grids, stained with 2% phosphotungstic acid (pH 6.0), and 
examined in a Phillips EM-200. 


RESULTS 


Transforming activity of extracellular virus from line B95-8 
(marmoset cells) was neutralized by two human EBV-positive 
reference sera, and was unaffected by two EBV-negative 
human sera. Titrations of the antibody-positive sera demon- 
strate neutralizing activity at a 1:128 dilution or greater. 
When about 30,000 transforming units of extracellular virus 
from line B95-8 were mixed with ether or chloroform, all 
transforming activity was abolished. 

Herpes virus nucleocapsids were seen in clarified superna- 
tant fluid obtained 6 days after subculture of B95-8 cells. 
When the fluid was centrifuged at 48,000 X g, virions were 
found in the pellet. Similar viral particles were seen in the 
band between 10 and 50% potassium tartrate and in the band 
collected after overnight centrifugation. Debris was still 
present in the preparation after this step. The virions seen 
(Fig. 1) consisted of enveloped particles as well as naked 
nucleocapsids. The nucleocapsids were hexagonal and of 
uniform size (about 100 nm). A core could be seen in many of 
the particles. The density of the virus-containing band after 
centrifugation in the 20-30% potassium tartrate linear gra- 
dient was 1.186 g/ml. When line 883L was treated in an 
identical manner, only a rare naked nucleocapsid was identi- 
fied in the banded material. 
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Time course of production of extracellular EBV 


Extracellular virus increased in parallel with the exponential 
phase of cell growth (Fig. 2). The amount of infectious EBV 


lt: 

Fic. 1. Epstein-Barr virus (EBV) from infected marmoset 
leukocyte cell line B95-8. Tissue culture fluid was pelleted, resus- 
pended in Tris-HCl-buffered saline, and centrifuged on a 10 
and 50% potassium tartrate, noncontinuous gradient for 2 hr at 
25,000 rpm. The band between the layers was collected, stained 
with 2% phosphotungstic acid, and examined by electron-micros- 
copy (a). Group of nucleocapsids, three of which contain cores 
Capsomeres are arranged in an orderly fashion and suggest the 
5:3:2 axial symmetry of the herpes group of viruses. (6) Three 
enveloped particles were found in one field. Two have disrupted 
envelopes and the third a disintegrating nucleocapsid. (c) An in- 
tact enveloped EBV, which also contains a core, is accompanied 
by a nucleocapsid without an envelope. All micrographs were 
taken at the same magnification. Bar represents 100 nm 
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TaBLe 1. Expression of EBV in a human and in two simian lines and in human cord cells transformed by virus derived from them 





Cale. yield§ of 
infectious EBV 
per 10° IF- 
Infectivity { positive cells 


Expression of EBV 


Method of CF IF 
transformation antigen* antigent 





Designation Species 





Spontaneous 4 2.8 0.3 
883L virus 16 2.! 3.8 
883L virus 8 3. 2.6 
883L virus 8 nil 
B95-8 virus 16 nil 
B84-15 virus 8 nil 


883L Human (adult) 
B95-8 Marmoset 

B84-15 Squirrel monkey 
E46 Human (newborn) 
E49-32 * Human (newborn) 
E14 Human (newborn) 





Lines of transformed squirrel monkey and marmoset leukocytes were derived by exposure to EBV from line 883L (Hawley strain). EBV 
obtained from cell-free supernatant fluids of these three lines was used to transform cells from three umbilical cords. All six lines were car- 
ried in parallel for several months by subdividing 2: 1 every 5-7 days. Cells and fluids were harvested for determination of antigen content 


and infectivity 1 week after last subdivision. At the time of harvest there were 10® viable cells per ml of each line. 
* CF antigen, no. of complement fixing units per 25 ul of antigen prepared from an extract of 5 X 107 cells per ml. 
t IF antigen, % cells demonstrating immunofluorescence in the indirect test, based on counts of 1000 cells. 
t Infectivity, logis 50% transforming units per 0.2 ml of supernatant fluid. 
§ Yield of extracellular EBV = (no. of infectious units per ml/10® cells per ml X % IF-positive cells) X 105. 


released exceeded the increase in cell numbers; the cell popula- 
tion increased 6-fold (from 105-5/ml to 10®-*/ml), and the con- 
tent of infectious EBV increased more than 300-fold (from 
10*-?/ml to 105-7/ml). A maximum yield of about 0.3 infectious 
units per cell was obtained 8 days after subculture. A rise in 
complement-fixing antigen present in culture supernatant 
fluids occurred in parallel with the rise in cell number and 
infectious virus. Complement-fixing activity was removed 
from supernatant fluids and recovered in the pellet when 
fluids from day 5 were centrifuged at 88,000 X g for 1 hr. 


Comparison of expression of EBV in transformed 
human and monkey cells 


A series of experiments were undertaken to determine whether 
the release of extracellular EBV by marmoset cells was due 


TABLE 2. Expression of EBV in marmoset and human cells 
transformed by one stock of EBV derived from marmoset cells 





os Expression of EBV* 
Species and ee 


designation CF antigen 





IF antigen Infectivity 





Marmoset 
D39-32 16 
D39-44 16 
D39-14 16 
D39-16 32 
Human (newborn) 
E74 nil 
E82 nil 
E94 ; nil 
E81 nil 
Human (adult) 
F22-1 8 ’ nil 
F22-13 8 of 0.2 


w 
anos) 


~_ > > 


2-25 a nil 
? 


F2: 
F 2‘ 


2 
2-3 nil 





All cell lines were derived after exposure to about 10*-5 trans- 
forming doses of virus from line B95-8. Transformed cells were sub- 
divided 2:1 every 5-7 days before assay for EBV antigens and 
infectivity. 


* See footnotes for Table 1. 


to a permanent change in the virus resulting from passage 
in marmoset cells (‘adaptation’) or to differences in the 
capacity of leukocytes from different sources to permit ex- 
pression of infectivity of EBV. 

First, a comparison was made of the content of EBV- 
specific antigens and of extracellular infectious virus in simian 
lines from two species and in the human line (883L) that was 
the original source of EBV used to transform the monkey cells 
(top half of Table 1). Simian lines contained higher titers 
of complement fixation antigen (2- to 4-fold) and immuno- 
fluorescence antigen (2- to 4-fold), and they released consid- 
erably more infectious virus (200- to 3000-fold) than the 
human line. A calculation related the yield of infectious virus 


LOG 
Cell No./mi 
(A) 


CF Units/25,1 
4 (e) 





2 
1 
<] 





1 1 L i i 1 at 1 1 1 
trae 8 SY 8? 2S 
DAYS 

Fic. 2. EBV-transformed marmoset leukocytes (line B95-8) 
were diluted 1:4 in 50 ml of fresh medium to a concentration of 3 
X 10 viable (trypan-blue excluding) cells per ml. An aliquot of 2 
ml was removed daily. Daily cell counts were performed (A). 
Cells were sedimented by centrifugation (400 « g for 10 min); 
the supernatant fluids were frozen and thawed three times. Ali- 
quots of supernatant fluids were assayed for infectivity by the 
capacity to transform human umbilical cord leukocytes into con- 
tinuous cell lines (O). All the infectivity assays were performed in 
leukocytes from a single cord. The titer of complement-fixing (CF) 
antigen in the supernatant fluid was determined in a microtiter 
assay (@). 
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to the number of cells producing immunofluorescence antigen, 
on the assumption that the cells producing immunofluo- 
rescence antigens were the cells ultimately responsible for 
production of infectious virus. The results suggested that the 
greater amounts of infectious virus released by the monkey 
cells was due to an increased yield of infectious virus per 
virogenic cell. EBV from each of the three lines was used to 
transform leukocytes from three different human umbilical 
cord bloods. The transformed cord leukocytes were tested for 
expression of EBV antigens and infectious virus in parallel 
with the parent lines. The results (bottom half of Table 1) 
showed that cord cells transformed by the Hawley strain from 
three different cell types expressed only EBV complement 
fixation antigens and not immunofluorescence antigens. No 
transforming virus was detected in the supernatant fluids 
from the transformed human cord cells. 

To verify that the phenomenon represented a general dif- 
ference between transformed marmoset and human cells, we 
used a single stock prepared from extracellular EBV from line 
B95-8 to transform leukocytes from four marmosets, four 
additional human umbilical cords, and four EBV antibody- 
free adult humans. The transformants were studied for their 
content of EBV antigens and infectious EBV (Table 2). All 
lines of transformed marmoset cells contained both EBV 
antigens and also released infectious virus. By contrast, only 
one of four lines derived from human cells of newborns demon- 
strated a very low titer of immunofluorescence antigen, and 
none of the newborn lines released detectable infectious EBV. 
In adult human cells transformed by the same virus stock, 
complement fixation antigen was detected in all lines, low 
titers of immunofluorescence antigens were found in three of 
four lines, and extremely low titers of transforming activity 
were detected in culture fluids from one of four lines. 

To establish whether these differences were peculiar to the 
Hawley strain of virus, which had undergone many passages 
in transformed human and marmoset cells, we performed 
further transformation studies with the Lederer strain, 
which was stored as a throat gargle from a patient (Table 3). 
Marmoset leukocytes transformed by the Lederer strain 
contained more than 10°-* transforming units per 0.2 ml of 
both cell-associated and extracellular infectious EBV; human 
cord leukocytes transformed by the same strain demonstrated 
comparable titers of complement fixation antigen, but barely 
detectable levels of immunofluorescence antigen and infectious 
EBV. 

DISCUSSION 
These experimental results indicate notable differences in 
the expression of EBV in transformants derived from dif- 
ferent sources. Marmoset leukocytes yield considerable 
quantities of biologically active virus, adult human leukocytes 
yield minute quantities of virus, and human cord leukocytes 
rarely release biologically active EBV detectable by the trans- 
formation assay. At least two distinct processes are responsible 
for the increased yield of extracellular EBV by marmoset cells. 
First, a higher proportion of marmoset cells than human cells 
produce immunofluorescence antigens, i.e., a greater propor- 
tion of cells are activated to produce nucleocapsids. Second, 
on the basis of calculations made in Table 1 and similar 
calculations (not shown) for the data in Tables 2 and 3, 
those transformed marmoset cells that have been activated to 
produce immunofluorescence antigen yield much more in- 
fectious virus than comparable adult human cells. The yield 
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TABLE 3. Expression of EBV in human cord and marmoset cells 
transformed by a strain of EBV obtained from a throat washing 
from a patient with infectious mononucleosis 





Expression of EBV* 


CF r Infectivity 
anti- IF an- - 


Designation Species gen tigen Cells Fluids 


E49-3 Human 4 c nil <0.0 
(newborn ) 
F26-11 Marmoset 





Lines of human umbilical cord leukocytes and marmoset leuko- 
cytes were obtained after exposure to a throat washing. The trans- 
forming capacity of the throat washing was neutralized by EBV 
antibody and unaffected by EBV-free human sera. The cell lines 
were subdivided 2:1 every 3-5 days and tested for antigens and 
infectious EBV in supernatant fluids and extracts of 10° cells/ml 

* See footnotes of Table 1. 


is from 0.25-2.6 infectious units per marmoset cell with im- 
munofluorescence antigen, while for those transformed adult 
human cells that yield infectious EBV one infectious unit is 
released per 200-3000 cells with immunofluorescence antigen. 

The factors responsible for the higher yields of transforming 
virus per activated marmoset cell deserve further study. The 
most likely explanation is that envelopment of the virus 
proceeds more efficiently in marmoset cells. In keeping with 
this hypothesis, infectivity of virus from the B95-8 line was 
destroyed by ether and chloroform, and enveloped particles 
were seen by electronmicroscopy. By contrast, only a rare 
nucleocapsid, and no enveloped particles, were found in 
fluids of line 883L, which has a low titer of extracellular EBV. 
It is conceivable, therefore, that EB viral release from cells, 
in the absence of cellular degeneration, is facilitated by en- 
velopment. 

Activation of the viral genome of the transformed marmoset 
cells leading to release of infectious virus apparently occurs 
during the exponentia! phase of cell growth (Fig. 2), for there 
was no increase in infectious virus production once the cells 
reached stationary phase. The availability of a line that re- 
leases biologically active virus should permit close analysis 
of the events in the cell cycle in which viral activation pro- 
ceeds. However, it is apparent that exponential cell growth 
per se is insufficient to activate the genome, for biologically 
active virus is not released at all by transformed cord cells. 
Some of the transformed cord cells have been tested for cell- 
associated virus; barely detectable transforming activity 
was found in an extract of one cord cell line and none in several 
others. 

Finally, several biochemical, biophysical, and immuno- 
logical experiments should be facilitated by the availability 
of a system that produces reasonably large quantities of cell- 
free virus that can be partially purified. One objective, now 
approachable, is to determine whether EBV associated with 
Burkitt lymphoma, nasopharyngeal carcinoma, and infectious 
mononucleosis is the same agent. 


We are grateful for cheerful and excellent assistance from L. 
Andrews, M. Garrison, L. Heston, C. Shepard, D. Stitt, V. 
Thompson, and P. Utiger. Dr. J. F. Enders was a source of en- 
couragement and advice. G. M. is an Investigator of the Howard 
Hughes Medical Institute. Supported by grants from the Jane 





194 Microbiology: Miller and Lipman Proc. Nat. Acad. Sci. USA 70 (1973) 


Coffin Childs Memorial Fund for Medical Research (JCC-257); . Maurer, B. A., Imamura, T. & Wilbert, S. M. (1970) Cancer 
the U.S. Public Health Service (AI-05577, CA12-05501A1); the Res. 30, 2870-2875. 
American Cancer Society (VC-107); the Damon Runyon Memo- 5. Zajac, B. A. & Kohn, G. (1970) J. Nat. Cancer Inst. 45, 399- 
rial Fund (DRG-1147). 406. 
3. Diehl, V., Henle, G., Henle, W. & Kohn, G. (1969) Jn Vitro 
4, 92-99. 

ZurHausen, H., Diehl, V., Wolf, H., Schulte—Holthausen, H. . Miller, G., Lisco, H., Kohn, H. L. & Stitt, D. (1971) Proc. Soc. 

& Schneider, U. (1972) Nature New Biol. 237, 189-190. Exp. Biol. Med. 137, 1459-1465. 

Nonoyama, M. & Pagano, J. (1971) Nature 233, 103-106. 8. Miller, G., Shope, T., Lisco, H., Stitt, D. & Lipman, M. 

Miller, M. H., Stitt, D. & Miller, G. (1970) J. Virol. 6, 699- (1972) Proc. Nat. Acad. Sci. USA 69, 383-387. 

701. Henle, G. & Henle, W. (1966) J. Bacteriol. 91, 1248-1256. 





Proc. Nat. Acad. Sci. USA 
Vol. 70, No. 1, pp. 195-199, January 1973 


Inactivation System of the Mammalian X Chromosome 


(Lyon hypothesis/heterochromatin/genetic regulation/sex chromatin) 


SPENCER W. BROWN AND H. SHARAT CHANDRA 


Department of Genetics, University of California, Berkeley, Calif. 94720; and Institute for Genetic Studies, Bangalore 27, India 


Communicated by Curt Stern, November 13, 1972 


ABSTRACT In female mammals, one of the two X 
chromosomes present is inactivated during early develop- 
ment. In marsupials, the paternal X is inactivated; in 
eutherians, one of the two X chromosomes is inactivated 
at random. A mechanism is proposed to explain the cyto- 
genetic data on inactivation and the derivation of the 
eutherian system from the marsupial system. In the 
marsupial system, a site on the X chromosome is sensitive 
to paternal origin: when the X chromosome is of maternal 
origin, this sensitive site is responsible for influencing an 
adjacent site, the receptor, to maintain the X in an active 
state; the paternal X becomes inactive. Transposition of 
the sensitive site to an autosome in eutherians would have 
two consequences. Since the receptor site of the X chromo- 
some is no longer adjacent, the autosomal sensitive site 
of maternal origin would activate an X at random. The 
number of active X chromosomes would conform to the 
number of maternal sensitive sites and thus, generally, 
to the number of maternal sets of autosomes. The re- 
sponse of the sensitive site to its passage through the male 
may be designated as imprinting, a term used by Crouse 
to indicate that the behavior of Sciara chromosomes is 
determined by parental origin. 





The essential premise of the Lyon hypothesis (1), that in 
somatic cells of mammalian females one of the two X chromo- 
somes normally present is genetically inactive, has been 
amply verified by a large body of biochemical, genetic, and 
cytological evidence (2). The focus of attention has, therefore, 
now shifted to the mechanism responsible for this remarkable 
situation in which an entire chromosome appears to be 
inactive and its homologue active or potentially active. 

In cells of female eutherian mammals the inactive X can 
be either paternal or maternal in origin; the determination 
occurs independently in the several cells of the young embryo 
and, once made, is adhered to in all descendants of each cell. 
On the other hand, it has recently been found that among 
certain marsupial mammals, the kangaroos, it is always the 
paternal X that is inactive (3, 4). This somewhat unexpected 
finding, which may be a general characteristic of marsupials, 
has led Cooper (5) to propose that the random X inactivation 
of eutherian mammals has evolved from an ancestral condition 
still retained among the marsupials. He has further suggested 
that inactivation is brought about by the following mecha- 
nism: (a) among male marsupials, during meiosis or earlier, 
a controlling element is introduced into the X, probably by 
the Y, making the paternal X inactive in the next generation; 
(6b) in eutherian mammals, the element is excised during 


Abbreviations: Superscripts m and p indicate maternal and 
paternal origin, respectively; e.g., A” is a set of autosomes derived 
from the mother; X?, an X chromosome from the father. 


early development and reinserted at random into one of the 
two X chromosomes, resulting in random inactivation. 
Cooper realized that, without further assumptions, his 
hypothesis could not account for several well-known facts of 
X chromosome behavior in man, mouse, and other mammals. 
Lyon (2, 6) has critically examined Cooper’s model and those 
of others, and has pointed out (6) that it is advisable to start 
with the fewest assumptions and to develop a model that is 
both testable and consistent with currently available data. 
It may be added that the proposed mechanism for eutherian 
mammals should be capable of easy derivation from that of 
the marsupials, in which it is the paternal X that is always 
inactivated. A model satisfying these criteria is described 
here. 


PROPOSED CONTROL SYSTEM 


On the basis of evidence to be discussed below, it is suggested 
that: (a) a locus (sensitive site) responsive to parental origin 
is located on an autosome in eutherians; (b) the paternal 
autosomal locus is presumed to be affected or influenced in a 
manner similar to that known for marsupials (3, 4), Sciara 
(7), and the coccids (8), while the maternal autosomal locus 
remains unaffected; the influence the paternal autosome 
undergoes during its passage through the male parent (see 
below, Some General Considerations) will be referred to as 
imprinting (9); (c) during early embryogeny, the unaffected 
sensitive site of the maternal autosome produces a single 
informational entity that attaches to a receptor site (10, 11) 
of one of the X chromosomes encountered at random; this 
X chromosome remains or becomes active; (d) at some later 
stage in development all other X chromosomes become 
inactive nonspecifically ; that is, no special controlling elements 
are necessary to bring about the inactivation. 

The control system is equally applicable to males. In 
normal XY and Klinefelter XXY males the presence of one 
maternal sensitive site would lead to one active X in each and 
one inactive X in Klinefelter males. 

The eutherian system is presumed to have originated from 
the marsupial in an exceedingly simple fashion (Fig. 1). The 
marsupial X is sensitized by passage through the male parent, 
and becomes inactive during early female embryogenesis. 
All that is considered necessary is the transposition of the 
sensitive site, alone, to an autosome. The receptor site that 
controls activation versus inactivation remains on the X 
chromosome. The sensitive site in its new location on the 
maternal autosome is active and, since it is no longer coupled 
directly with an X chromosome, activates at random one of 
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Fig. 1. The marsupial system (above). The sensitive site (SS) 
of the maternal X (X™) produces an informational entity (small 
circle) that is transferred to the adjacent receptor site (RS). As a 
result, the maternal X remains euchromatic (E£). The sensitive 
site of the paternal X (X*) has been altered by its prior passage 
through the male phase of the life cycle: no informational entity 
is transferred to the adjacent receptor site. The paternal X be- 
comes heterochromatic (H). (The paternal RS and SS regions 
have been marked for comparison with the eutherian system.) 
The eutherian system (below). Essentially the same as the mar- 
supial system, except that the SS region has been inserted in an 
autosome. The SS of the paternally derived autosome (A?) has 
been altered by prior passage through the male phase of the life 
cycle. The unaltered SS region of the maternal autosome (A”) 
produces an informational entity that.may attach to either X 
chromosome at random in each of the cells of the early embryo. 
The X chromosome receiving the entity remains euchromatic; 
the other becomes heterochromatic. 


the X chromosomes present in the same nucleus. The sensitive 
site on the paternal autosome has been inactivated by its 
passage through the male and is, therefore, not capable of 
activating an X. This evolutionary step would be analogous 
to certain changes observed by McClintock (12) in gene- 
control systems im maize. In the Suppressor-mutator and 
Activator systems, one of the two essential components was 
not readily detected when both were close to the gene locus 
under control. A transposition of one component, the operator 
element, to a new location permitted identification of both it 
and the regulator element that had remained adjacent to the 
gene locus. Of special interest in the present context is Mc- 
Clintock’s remark about one such case in which “A typical 
two-element system of control of gene action had evolved 
from an apparently one-element system.” 

The proposed evolutionary step would have the selective 
advantage of conferring on eutherian females a “mosaic 
heterozygosity” for the X, in contrast to the equivalent of a 
hemizygous X in marsupial females. For example, if the 
marsupial system were present in man, color blindness would 
be as common in females as in males; both would show the 
defect on receiving the mutant factor from the mother. 


THE CYTOGENETIC EVIDENCE 
Diploids 


The expectation from the above scheme would be a strict 
concordance between the number of sets of maternal auto- 
somes and the number of active X chromosomes. The parental 
origin of the X chromosomes themselves should have no 
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bearing on their subsequent behavior. This is indeed what is 
observed (Table 1). In man, anomalous 46, X"X™ males (13), 
who probably originate from XXY zygotes, show one sex 
chromatin body per diploid cell, and are in this respect in- 
distinguishable from typical, diploid females (46, X"X7?). 
Even in 49, XX XXY individuals, in whom all four X chromo- 
somes were maternal in origin, all but one X appeared to be 
inactive (14, 15). It should be obvious that Cooper’s hypothe- 
sis, as he himself was aware, cannot account for any of the 
observations cited in Table 1. 

Although evidence from diploids effectively rules out the 
Cooper hypothesis, all examples have only one active X and 
‘an, therefore, be explained by the hypothesis of Grumbach, 
Morishima, and Taylor (10) that a single episome-like factor 
activates a single X. 


Triploids 


The concordance between the number of maternal sets of 
autosomes and the number of active X chromosomes is 
clearly better looked for in polyploid embryos, but the 
techniques that permit rapid identification of the chromosome 
sets in such embryos have only recently become available. 
However, even among those cases where the origin of the 
extra set is not known, a definite pattern emerges that is con- 
sistent with the scheme proposed here. Thus, in human 
69,XXY triploids, one would expect two classes from the 
following gametic combinations: 2X2A 9 + YAo’' and XA 9 
+ XY2Ac", where each A denotes an autosomal set. On the 
basis of the control mechanism suggested here, the former 
class should be sex-chromatin negative and the latter class 
sex-chromatin positive, with a maximum of one sex-chromatin 
body per nucleus; XXY triploids of both classes have been 
observed (16, 17). Similarly, among 69,XXX triploids, two 
classes would be expected: some with only one sex chromatin 
body and others with a maximum of two bodies per cell; 
again both classes have been observed (16, 17). A minority of 


TABLE 1. Expected number of inactive X chromosomes 
(in parentheses), and, therefore, maximum number of 
sex chromatin bodies on a diploid autosomal background. 
All examples are human subjects reported in the literature* 





Proposed model 

No. of inactive 
Cooper model (5) X chromosomes = 
No. of inactive No. of X chromo- 
X chromosomes somes less No. of 
= No. of pa- maternal sets of 
ternal X chro- autosomes—here, 

mosomes one 


Sex chromosome 
constitution 
(m = maternal, 
p = paternal) 





X*"X™ (12, 36) XX X(X) 

X?0 (33) (X)O XO 
X"X™Y (35) XXY X(X)Y 
X"X™X?P (36)T XX(X) X(XX) 
X*X"X"Y (36) XXXY X(XX)Y 
X*X"*X"X™ (34, 35) XXXX X(XXX) 
X*X*"X"X"Y (13, 14) XXXXY X(XXX)Y 





* Only some of those genotypes that help differentiate between 
the two models and that are known to occur are listed here. See 
text for cases of typical diploidy and polyploidy. 

t It is very likely that both X"X"X? and X"X”X»? types occur, 
but it has not been possible to distinguish between them. 
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human XXX triploids have a maximum of two sex chromatin 
bodies per cell, whereas the majority have only one. According 
to the present interpretation, digyny would thus be the 
dominant mechanism in the origin of human triploidy. 
Edwards et al., (17) have arrived at the same conclusion on 
the basis of other evidence. 

Data on both the sex-chromatin status and parental origin 
of the extra set are available from one 69,XXY infant (17): 
his blood group data were more consistent with digyny than 
with diandry and the infant was sex-chromatin negative, as 
would be expected on the basis of the present hypothesis. 

The most cogent evidence in favor of the hypothesis comes 
from the recent work of Bomsel—Helmreich (18), who induced 
triploidy in rabbit embryos by suppression of the second polar 
body. Triploidy was, therefore, always the result of digyny. 
XXX triploids had, like XX diploids, only one sex chromatin 
body, whereas XXY triploids were uniformly sex-chromatin 
negative. Assays of glucose-6-phosphate dehydrogenase, an 
enzyme believed to be X-linked in the rabbit (19), showed 
that enzymatic activity was consistently higher in triploid 
embryos as compared with diploid controls, indicating that 
more than one glucose-6-phosphate dehydrogenase locus was 
probably active among the triploid cells. 

Although the triploid data do not permit a distinction to 
be made between the Cooper model and the one proposed 
here, they do rule out a single episome-like factor as an 
explanation of the number of active X chromosomes (10). 
An episome-like factor of extrachrémosomal origin would 
remain a possible explanation only if the further assumption 
is made that the number of such factors somehow conformed 
to the number of sets of maternal autosomes. However, this 
added assumption is unattractive, if only because it would 
be difficult to picture the derivation of such an extrachromo- 
somal mechanism from the marsupial system of paternal X 
inactivation. 


Tetraploids 


Only two types of tetraploids are known, XXXX and 
XXYY. It seems very likely that these were derived from XX 
and XY zygotes in which early failure of cytokinesis led to a 
doubling of the chromosome complement (16). Two sex 
chromatin bodies have been observed in the XXXX tetra- 
ploids and none in the XXYY. These observations are com- 
parable with those from tetraploid and higher endopolyploid 
cells occurring in normal XX and XY individuals (20) and 
offer no additional evidence bearing on our argument. 


X-autosome translocations in mice 


The mechanism responsible for inactivation of the X chromo- 
some of mice has received much attention during the last 
decade. In all but one of the X-autosome translocations of 
mice, a “position-effect”’ type of variegation is induced for 
at least some of the genes of the autosome involved (2, 11, 21). 
The exceptional case is that of the Searle translocation (22); 
none of the genes on this autosome has been identified. 
Considerable attention has been paid to the possibility 
that variegation patterns that have been observed may be the 
result of selection against cells in which inactivation has led 
to either (a) a modification of dosage, thus upsetting the 
normal dosage-compensation relationship, or (b) the equiva- 
lent of a homozygous deficiency. Inferences concerning the 
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type of inactivation made from the observed variegation 
patterns thus become quite complex. 

Nonetheless, there seems to be agreement among most 
mouse cytogeneticists that there is one major site on the X 
chromosome that is responsible for its inactivation (11, 21, 
23). According to Russell and Montgomery (21), there is a 
single inactivation center on the X. Although Eicher (11) 
outlined a complex scheme that included two or more centers 
of inactivation, she believed that all were under the control 
of a single “empty” or unactivated receptor site on the X. 
The conclusions from analyses of inactivation in X-autosome 
translocations of mice are thus consistent with the main point 
made here, that there is a single, major controlling site on 
the X chromosome, regardless of secondary centers of in- 
activation. 

Genetic and cytological evidence indicates that there are 
probably at least two inactivation centers on X chromosomes 
of mice, a primary center closely associated with the receptor 
site, and a secondary center elsewhere on the chromosome. 
The probability that the secondary center will induce in- 
activation is considerably lessened by complete physical 
separation from the primary center in typical, reciprocal 
translocations, and it may well be less effective in inducing 
inactivation in adjacent autosomal material. This concept 
reconciles some of the differences between the ideas of Russell 
(21) and those of Eicher (11); it is most like that of Eicher’s 
defective memory system, even though objections may be 
raised in regard to the “‘memory” aspect of her system (2). 

The Searle translocation is of special interest because the 
normal X is inactive in a large majority of cells and the trans- 
location is correspondingly active. These data can be inter- 
preted in several ways, including the obvious one of cell 
selection, but Lyon (2) has recognized that the autosome here 
may carry an activating center. In addition, it should be 
pointed out that the autosomal component of the Searle 
translocation is always of maternal origin, a requirement for 
activation in the system proposed here. Except for the Cat- 
tanach translocation, all other X-autosome translocations in 
mice induce male sterility; the chromosomes involved can 
be transmitted only by females. The autosome involved in 
the Searle translocation has recently been identified cytologi- 
cally (24), and recognition of genetic markers on this chro- 
mosome would be of great value. 


Deficient X chromosomes in man 


Three different types of deficient X chromosome have been 
observed. The long arm may be missing (Xq-), and the short 


arm present singly or duplicated in an isochromosome (Xpi). 
Likewise, simple deficiencies of the short arm (Xp-) and iso- 
chromosomes of the long arm (Xqi) are also known. These 


two types are invariably inactive (25, 26). Because an in- 
activation of the normal chromosome would be equivalent to 
a gross homozygous deficiency in these cases, cell lineages of 
this sort would not be expected to survive. In the third type, 
that of the ring X, the positions of the breaks determine the 
size of the deficiency; the closer both breaks are to the ends 
of the chromosome, the smaller the deficiency. It is not sur- 
prising, therefore, that nearly all ring-X chromosomes are 
invariably inactive (25). 

Since Xq-, Xpi, Xp-, and Xqi all become inactive (25, 26), 
it is obvious that there cannot be, as in mice, a single center 
of inactivation in human X chromosomes. The simplest 





198 Genetics: Brown and Chandra 


scheme, and one in agreement with that suggested for mice, 
is that there is a primary inactivation site—coupled with or 
acting as the receptor site—on one arm, and a secondary site 


on the other. 


SOME GENERAL CONSIDERATIONS 


If the proposed mechanism is basically valid, then the choice of 
which X becomes activated has to be made by a single entity 
in an embryonic diploid cell and, thus, it would appear that 
only one site on the chosen X can be “hit” to begin with; a 
subsequent, pervasive effect is therefore also necessary to 
involve the whole chromosome. The mechanism by which 
such a pervasive effect is obtained is much less clear in any 
of its aspects than the choice of the X to be activated. The 
overall problem of mammalian X chromosome inactivation 
can thus be approached at two separate levels: (a) the basic 
facultative determination of which X chromosome or chro- 
mosomes are to remain active, and (6) the mechanism by 
which the pervasive effect is achieved. We are concerned here 
primarily with the basic determination;-more insight into 
the mechanism would increase our understanding of the trans- 
location data. 


Imprinting 

Crouse (9) introduced the term imprinting to indicate a 
change of state of a chromosome that allowed it to be ‘“‘recog- 
nized” as different from its homologue. In Sciara, the im- 
printing is believed to occur in maternal and paternal germ 
lines before fertilization, and to determine the later behavior 
of the X chromosomes and the autosomes. Once imprinted, 
the future behavior of the chromosome is apparently ir- 
revocably determined. The heterochromatic L chromosomes, 
limited to the germ line, are not subject to imprinting (27). 
According to the scheme outlined here for mammals, the fate 
of the paternal X chromosome in marsupials would be ir- 
revocably determined by an imprinting of the sensitive site 
in the male parent. In eutherian mammals, imprinting of the 
sensitive site of the paternal autosome would occur before 
the completion of fertilization. The same site on the maternal 
autosome, not so imprinted, would remain active and lead 
to a random determination of which X chromosome is to 
remain active; at this time the fates of the X chromosomes 
are irrevocably determined. Analysis of variegated pheno- 
types in adult eutherians would indicate the time in develop- 
ment when the fates of the X chromosomes are determined, 
not when inactivation occurs. Inactivation would be a realiza- 
tion of the prior determination and could occur either simul- 
taneously or at a later stage of embryogenesis. A combined 
analysis of variegation in the adult and of heterochromatiza- 
tion and the action of specific genes during early develop- 
ment should eventually establish the correct chronology. 

It should also be noted that the differentiation between 
maternal and paternal origin does not imply that the altera- 
tion that leads to subsequent differential behavior of homo- 
logues necessarily occurred in the body of the male parent. 
In a parthenogenetic scale insect, Nur (28) found that dip- 
loidy was restored by fusion of the first two cleavage nuclei; 
however, in some instances the chromosomes derived from 
one of these nuclei later became heterochromatic, and in- 
distinguishable in this regard from the heterochromatization 
of the paternal chromosome set in early embryogeny of the 
males of related bisexual species. The observed differential be- 
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havior of the paternal X chromosome in marsupials and the 
proposed imprinting in an eutherian autosome could be the 
result of influences present after sperm emission, but before 
nuclear fusion completed fertilization. The term “male phase”’ 
may, therefore, be suggested as a comprehensive term to 
include, in addition to events occurring in the body of the 
male, the period between emission and completion of fertiliza- 
tion. 


Activating entity 

There is no information concerning the nature of the agent 
acting on the sensitive site, or that transfers information 
from there to the receptor site. The sensitive site might per- 
haps be sensitized to respond to minor influences in the male 
phase; there is no reason either to presume or to rule out 
specific informational macromolecules. On the other hand, the 
fact that only a single X-chromosome site is normally acti- 
vated in a diploid indicates that a single specific macromole- 
cule may well be involved in the transfer of information from 
the sensitive to the receptor site. It has been suggested that 
such specific macromolecules are episomes or episome-like 
entities (29, 30). In view of recent critical review of the use 
of the term episome (31), it seems best to use a noncommittal 
term such as informational entity to designate the agent re- 
sponsible for the transfer of information by one or a few 
macromolecules. 


Prediction of sex chromatin status 


Published discussions of sex chromatin have often included 
a formula by Harnden (32) to predict the expected number 
of sex chromatin bodies under various genotypic conditions. 
It was soon discovered that the formula, S = X — A/2 
(where S is the expected number of sex chromatin bodies, 
X is the number of X chromosomes, and A is the number of 
autosomal sets), could not account for the data from trip- 
loids. On the other hand, the control system proposed here, 
when reduced to S = X — A™, where A” is the number of 
maternal autosomal sets, is a satisfactory formulation for 
all situations thus far observed. Indeed, if exceptions to this 
rule should occur, such as among human abortuses trisomic 
or monosomic for autosomes, they could very well provide 
material for assigning the locus in question to a specific auto- 
some. 
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ABSTRACT The DNA of adenovirus type 2 was cleaved 
by restriction endonuclease R - RI into six fragments. These 
fragments were separated by electrophoresis on composite 
agarose-polyacrylamide gels. Their molecular weights 
ranged from 1.1 X 10° to 13.6 X 10°, as measured by elec- 
tron microscopy. Each fragment represented a unique 
segment of adenovirus type 2 DNA since: (i) the fragments 
were obtained in equimolar amounts; (ii) the sum of their 
molecular weights was equal to the molecular weight of 
complete adenovirus DNA; and (iii) each fragment ex- 
hibited a rate of renaturation that was inversely propor- 
tional to its size. 





Danna and Nathans (1) reported that a restriction endonu- 
clease from Hemophilus influenzae Rd cleaves DNA of simian 
virus 40 (SV40) into 11 fragments. Such fragments are of 
great value for mapping of specific loci on the viral chromo- 
some. In order to cleave the DNA of adenovirus type 2 
(Ad2), we have used a restriction endonuclease from Escheri- 
chia coli carrying the drug resistance transfer factor RTF-1 
(endonuclease R- RI). This endonuclease cuts circular SV40 
DNA at one unique site (2, 3); it also cleaves duplex DNA by 
making single-stranded scissions in positions that are four 
base pairs apart, thereby generating cohesive ends (4, 5). 
Endonuclease R- RI has a molecular weight of about 80,000 
and requires only magnesium as a cofactor (6). 

Adenoviruses contain linear duplex DNA with a molecular 
weight of about 23 x 10® (7). Adenovirus DNA is not circu- 
larly permuted, but each of its strands contains complementary 
sequences at its ends that are inverted with respect to each 
other (8, 9). Adenovirus type 2, the most extensively studied 
serotype, belongs to the group of “nononcogenic”’ adenoviruses. 
These adenoviruses are capable of transforming cells in vitro, 
but are not known to cause tumors in animals (10). The adeno- 
viruses are useful for investigation of cell transformation and 
for studies of regulatory mechanisms in eukaryotes since, dur- 


ing lytic adenovirus infection, host cell macromolecular syn- 
thesis is suppressed so that DNA, RNA, and protein synthesis 
is almost entirely controlled by the virus. Specific fragments 
of Ad2 DNA should be valuable for studying of gene functions 
expressed during the lytic cycle and in transformed cells. 


MATERIALS AND METHODS 


Virus and Cell Cultures. Adenovirus type 2, originally ob- 
tained from Dr. J. Rose, was propagated at an input multi- 


Abbreviations: Ad2, Adenovirus type 2; SV40, Simian virus 40; 
SDS, sodium dodecyl! sulfate: Prti,,, the product of the DNA 
concentration Py and the time taken for 50% of the DNA se- 
quences to reassociate, expressed as mol of nucleotide X sec/liter. 


plicity of about 1500 particles per cell in suspension cultures 
of KB-cells (11). The identity of the virus was established by 
immunodiffusion of antigens released from purified virus after 
treatment with 10% pyridine (12) against specific antisera. 
The virus was purified by the method of Green and Pifia (13) 
as modified by Lonberg-Holm and Philipson (14), and the 
DNA was extracted from the virus as described by Pettersson 
and Sambrook (15). **P-labeled virus was obtained by includ- 
ing 10 uwCi of [**P]phosphorie acid/ml in a phosphate-free 
medium (Gibco “F13”’ without phosphate) from 6 —40 hr after 
infection. The labeled DNA usually had a specific activity of 
about 5 X 10° epm/yg. Although our virus stock had been 
grown at high multiplicities for many generations, the DNA 
was not heterogeneous when analyzed by electronmicroscopy 
after denaturation and renaturation (P. Sharp, unpublished 
results). 


The Origin and Purification of Endonuclease R-RI was 
described by Mulder and Delius (3). 


Enzyme Incubations. The standard incubation mixture 
contained 10 mM MgCl and 90 mM Tris- HCI pH 7.9, 0.3 ug 
of protein per wg of DNA, and was incubated at 37° for 30 
min. Digestion was stopped by addition of EDTA. 


Rate Zonai Centrifugation. Samples (50-100 yl) were 
analyzed on linear gradients of 5-20% sucrose containing 50 
mM Tris-HCl (pH 7.9)-1 M NaCl 1 mM EDTA in a Beck- 
man/Spinco SW56 rotor. After 2 hr of centrifugation at 55,000 
rpm and 20°, the gradients were fractionated by collection of 
drops from the bottom of the tube. Sedimentation coefficients 
were calculated in relation to that of intact adenovirus 2 DNA, 
which was assumed to be 31S (16). 


Agarose—Polyacrylamide Gel Electrophoresis. Samples were 
adjusted to 0.1 M NaCl, extracted with an equal volume of 
chloroform-isoamyl! alcohol (24:1), and precipitated with 2 
volumes of ethanol. The precipitate was dissolved in a 1:5 di- 
lution of the electrophoresis buffer (see below). Composite gels 
containing 2.2% acrylamide (Bio-Rad), 0.11% N’,N’-methyl- 
ene-bis-acrylamide (Eastman Kodak), and 0.7% agarose 
(Sigma) were used essentially as described by Peacock and 
Dingman (17). The gels were polymerized in cylindrical glass 
tubes (0.6 cm internal diameter X 14 cm) by addition of 0.5 
pl of N,N,N’, N’-tetramethylethylenediamine and 5 yl of 10% 
ammonium persulfate per ml of agarose-acrylamide solution 
at 45°. The electrophoresis buffer contained 40 mM Tris- 
HCl-5 mM sodium acetate-1 mM EDTA (pH 7.8). After ad- 
dition of sucrose to a concentration of about 10%, 100 ul of 
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sample was layered onto each gel. An initial voltage of 1 V/cm 
was applied for 30 min, after which the voltage was increased 
to 4 V/cm. The gels were removed from their tubes and cut 
into l-mm slices with razors. The amount of radioactivity 
was measured as Cerenkov radiation in a liquid scintillation 
counter or in 4 ml of Aquasol (New England Nuclear). After 
counting, the DNA was recovered as follows: One or two slices 
were placed inside a glass tube (0.5 cm internal diameter X 5 
cm) that had a constriction at one end. The constricted end 
was covered with dialysis tubing (1-2 cm). The tube was filled 
with electrophoresis buffer and placed in an apparatus for gel 
electrophoresis (Hoeffer Scientific Instruments). The con- 
stricted end was immersed in the buffer chamber with the 
anode, and a potential of 100 V was applied across the tube. 
After 2 hr of electrophoresis, 70-100% of the radioactivity 
was recovered from the buffer in the dialysis tubing. 


Determination of the Rate of DNA Reassociation. Samples 
containing 200 ul of **P-labeled DNA were mixed with 50 
ul of 1 M NaOH and boiled for 30 min to melt and fragment 
the DNA to uniform size. The size of the DNA after this 
treatment was about 500 nucleotides, as determined by sedi- 
mentation through alkaline sucrose gradients with marker frag- 
ments of SV40 DNA obtained by digestion with a restriction 
endonuclease from H. influenzae Rd (J. Sambrook, personal 
communication). The samples were neutralized by addition of 
0.5 ml of 0.28 M phosphate buffer (pH 6.8) (containing equi- 
molar amounts of NasHPO, and NaH2PO,) in 0.8% sodium 
dodecyl] sulfate (SDS). The volume was then adjusted to 1 ml 
with water, and samples were overlayed with mineral oil 
before they were incubated at 68°. Aliquots (50-100 ul) were 
withdrawn at intervals and immediately diluted 10-fold with 
0.14 M phosphate buffer containing 0.4% SDS. The amount 
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Fic. 1. Histograms of length measurements of Ad2 DNA 
fragments. Ad2 DNA was incubated with endonuclease R-RI 
under standard conditions. After digestion had been stopped by 
addition of EDTA to 0.05 M, Ad2 DNA was added as a marker. 
The mixture was spread for electronmicroscopic length measure- 
ment without further treatment. The absolute length was de- 
termined by calibration with 200 lines per diffraction grating. 
Small molecules were preferentially scored because some large 
molecules were entangled and, therefore, impossible to measure. 
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Fic. 2. Gel electrophoresis of **P-labeled fragments of Ad2 
DNA. P-labeled Ad2 DNA was incubated with endonuclease 
R-RI under standard conditions. The sample was extracted with 
chloroform-isoamy! alcohol; after ethanol precipitation, the di- 
gested DNA was subjected to electrophoresis on 2.2% acryl- 
amide—0.7% agarose gels. After electrophoresis at 4 V/cm for 
20 hr at 20°, the gels were cut into I-mm slices. Radioactivity was 
measured as Cerenkov radiation. The anode is towards the right 
Six peaks designated A-F were resolved. The arrow marks the 
position of linear SV40 DNA, as determined on a separate gel 
containing fragments A-F. 


of double-stranded DNA in each sample was determined by 
chromatography on hydroxyapatite (Biogel HTP) (18). 


Electron Microscopy. DNA was mounted by the basic 
protein film technique for observations in an electron micro- 
scope (3, 19). Circular DNA from bacteriophage PM 2 (20) 
was sometimes added as an internal length standard. 


RESULTS 


Digestion of Ad2 DNA with Endonuclease R-RI. ™P- 
labeled Ad2 DNA was digested with endonuclease R- RI and 
analyzed on neutral sucrose gradients with *H-labeled intact 
Ad2 DNA as a marker. The digested Ad2 DNA was resolved 
into three peaks: one major peak had a sedimentation coeffi- 
cient of about 26 S and contained about 60% of the DNA; 
two minor, slower-sedimenting, broad peaks apparently 
contained DNA of various sizes (not shown). The digested 
Ad2 DNA was also examined by electron microscopy; no 
detectable amounts of intact DNA (<1%) remained after 
digestion. The lengths of the digested fragments were measured 
with intact Ad2 DNA as a standard; the digested DNA 
comprised six distinct size classes. The average length of the 
DNA in each of these classes, measured in relation to that of 
the marker DNA, was 0.57, 0.11, 0.10, 0.07, 0.06, and 0.04 
(Fig. 1). A heterogeneous population of small DNA segments 
(0.004—0.03 of Ad2 DNA) was also observed (Fig. 1); as will 
be discussed below, we do not consider these to be cleavage 


products of Ad2 DNA. 


Analysis of Digested Ad2 DNA by Gel Electrophoresis. *P- 
labeled Ad2 DNA, cleaved by endonuclease R- RI, was ana- 
lyzed by electrophoresis on composite agarose—polyacrylamide 
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Fig. 3. Relationship between molecular weight and electro- 
phoretic mobility of fragments A-F. Electrophoresis was done 
on 12-em gels at 4 V/cm for 4, 20, and 25 hr. Relative electro- 
phoretic mobility was defined as: (distance migrated by a frag- 
ment) /(distance migrated by fragment D). The following DNAs 
were used as markers: (a) Intact Ad2 DNA (23 x 10*), (0) 
linear SV40 DNA (3.6 X 10°), and (*) fragments SV40-B 
(5.4 X 105), SV40-D (3.2 « 10°), and SV40-H (1.2 x 105) ob- 
tained by treatment of SV40 DNA with a restriction endonuclease 
from H. influenzae Rd (1). Fragment D migrated with an electro- 
phoretic mobility of 1.13 X 10° em?/V X see (17). 


gels. All separations were performed at 20° to prevent joining 
of the cohesive ends that are generated by endonuclease 
R-RI (4, 5). Six peaks, designated A-F, were resolved by this 
method (Fig. 2). No radioactivity was recovered from the top 
of the gel, and more than 90% of the input radioactivity was 
recovered after electrophoresis. A separation time of 20 hr was 
required for good resolution. No additional peaks were ob- 
served when the electrophoresis time was decreased to 4 hr, 
which would allow a segment of DNA of molecular weight 
below 100,000 to remain on the gel (Fig. 3). For calibration of 
the gel system, marker DNAs were added to the digested 
samples before electrophoresis (Fig. 3). For this purpose we 
used intact Ad2 DNA (23 x 10°), linear SV40 DNA (3.6 x 
10°), and fragments SV40-B (5.4 « 10°), SV40-D (3.2 x 
10°), and SV40-H (1.2 « 10° daltons) obtained by digestion 
of SV40 DNA with a restriction endonuclease from H. in- 
fluenzae Rd (1). All markers were resolved from the six frag- 
ments of Ad2 DNA, except intact Ad2 DNA, which migrated 
with fragment A. The mobilities of the five marker DNAs in 
relation to fragment D of adenovirus DNA were 0.5, 0.6, 2.5, 
3.1, and 4.2 (Fig. 3). 

In order to establish that digestion of Ad2 DNA was com- 
plete, we analyzed samples of **P-labeled Ad2 DNA that were 
digested for 5-120 min. The sum of the radioactivity in peaks 
A-F and the fraction of label recovered from each peak was 
determined. Analysis of samples after digestion for 5, 30, 60, 
and 120 min revealed no difference in distribution of radio- 
activity among the six peaks (Table 1). 


Determination of Molecular Weight of Isolated Fragments. 
Ad2 fragments that migrated as peaks A-F were collected 
after electrophoresis and examined in an electron microscope 
with circular DNA from bacteriophage PM 2 as a standard. 
Each peak contained DNA of a unique size class as judged 
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by the standard deviation in lengths (Table 2). If a molec- 
ular weight of 6.40 < 10® is assigned to PM 2 DNA, the 
molecular weights (x 10~*) of the fragments are: 13.6 (A), 
2.7 (B), 2.3 (C), 1.7 (D), 1.4 (EB), and 1.1 (F) (Table 2). 
The sum of the molecular weights of DNA fragments from 
peaks A-F (22.8 + 0.8 X 10*) was in good agreement with 
that of intact Ad2 DNA (22.9 + 0.5 X 10°) (Table 2): the ex- 
perimental error did not exclude that one of the small peaks (E 
or F) contained two different segments of DNA of identical 
size. If all peaks contained segments of DNA of one kind there 
should be a correlation between the amount of DNA recovered 
in each peak and its molecular weight. Therefore, we deter- 
mined the fraction of the total radioactivity that was recovered 
in peaks A-F after electrophoresis of seven separate samples of 
P-labeled digested Ad2 DNA. As is shown in Table 2, there 
is a good correlation between the fraction of radioactivity and 
the fractional length of the DNA recovered from each of the 
six peaks. 


Determination of the Complexity of DN A from Complete Ad2 
DNA and Separated Fragments. To further establish that peaks 
A-F contained unique fragments of DNA, we examined the 
reassociation kinetics of each fragment and of complete Ad2 
DNA (18). Before analysis, all DNAs were partially hydro- 
lyzed to an average size of 500 nucleotides by being boiled in 
alkali (J. Sambrook, personal communication) to eliminate the 
effect of size on the rate of duplex formation (21). The time 
(t:,.) required for 50% of the sequences to reassociate at a 
given DNA concentration (Pr) was calculated for fragments 
A-F and complete adenovirus DNA (Fig. 4; Table 2). The 
product (Prt:,,.) for renaturation of two different DNAs will 
primarily depend upon their complexities, provided they have 
been degraded to identical size. Complexity is defined as the 
number of base pairs in nonrepeating sequences in a given 
DNA (21). DNA segments that do not contain reiterated se- 
quences should have complexities that are proportional to their 
lengths (21, 22). Thus, the complexity of fragments A-F may 
be predicted from their molecular weights, provided each is 
unique. A 20% variation from this prediction must be allowed 


TABLE 1. Distribution of DNA in peaks A-F after incubation 
of Ad2 DNA with endonuclease R-RI for different 
periods of time 
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Gels were sliced into 1-mm slices, and radioactivity was de- 
termined as Cerenkov radiation. Peaks B and C were not com- 
pletely resolved on all electropherograms and, therefore, the 
number of counts in both peaks were added together. In all ex- 
periments, peaks B and C were of similar magnitude. The enzyme 
concentration was increased from 3 ug/ml to 6 ug/ml after 30 min 
and to 9 ug/ml after 60 min. 

*+SD. 





Nat. Acad. Sci. USA 70 (1978) 


TABLE 2. 
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Properties of fragments of Ad2 DNA after separation by gel electrophoresis 





Molecular 
Length weight 
Fragment (um) 


(X10-*) 
.6 + 0.2 
+ 0.1 
+ 0.1 
+ 0.1 
1 
l 
5 


ow 


A 4 + 

B 54 

Cc .28 

D 0.924 

E 0.747 

F 0.584 
Intact Ad2 DNA 12.9 


0. 
0 
0.; 


N= = = bo to 


to 


Distribution 
Fractional of Pri: 
length radioactivity * (mol X sec/liter) 
(%) (%) x 10° 


58.3 

11.9 
9.9 
7 
§.! 


4.! 
(100) 





Samples were mixed with nicked circular PM 2 DNA before electron microscopic analysis. The molecular weight of PM 2 DNA was 
calculated to be 6.40 < 10° from measurements that were standardized with T7 DNA (25.2 x 10*; ref. 23). Prt:,, was calculated as de- 


scribed in the legend to Fig. 4. 


* Average of seven experiments. Background radioactivity was measured from fractions between peaks and was subtracted. Fragments 
B and C were not entirely resolved on all electropherograms and, therefore, the number of counts in both peaks were added together. 


In all experiments peaks B and C were of similar magnitude. 
+ For fragment B plus fragment C. 


because of the effect of differences in base composition on the 
rate of renaturation (21). We found a good correlation between 
the complexity of each of the six fragments and its molecular 
weight, with a maximum deviation of 35% from the predicted 
value for Prt:,, calculated from the results for complete Ad2 
DNA (Table 2). From this we conclude that none of the frac- 
tions A-F contained more than one kind of DNA segment. The 
presence of two kinds of DNA segments in one peak would 
cause a 2-fold increase above the predicted value for Prt: 

Since fragment A was not resolved by gel electrophoresis 
from segments of DNA larger than 5 X 10° (Fig. 3), we wanted 
to ascertain that fragment A was not contaminated with large 
DNA fragments generated because of incomplete digestion. 
Such fragments could arise if Ad2 DNA was being modified 
by a contaminating methylase during digestion or if Ad2 
DNA was heterogeneous with respect to cleavage sites for 
endonuclease R-RI. Electronmicroscopic length measure- 
ments of purified samples of fragment A showed that less than 
1% of the molecules had a length corresponding to the sum of 
fragments A and B or A and C (data not shown). A significant 
contamination of molecules having a molecular weight of 
about 1 X 10° above the average could not be excluded how- 
ever. Therefore, we estimated the amount of contaminating D, 
E, and F fragments in purified samples of fragment A by the 
following method: **P-labeled samples of fragments D, E, and 
F were mixed with a 200- to 1000-fold excess of either unlabeled 
fragment A or unlabeled intact Ad2 DNA. The samples were 
denatured and partially hydrolyzed, and the rate of renatura- 
tion was measured. Fig. 5 shows the results when 2 ng of **P- 
labeled fragment F was mixed with 1 yg of unlabeled frag- 
ment A or 1.7 wg of unlabeled Ad2 DNA. As expected, Ad2 
DNA caused about a 40-fold increase in the rate of renatura- 
tion of the labeled DNA, whereas fragment A had an in- 
significant effect. Since contamination of 2 ng would have 
caused a 2-fold increase in the rate of renaturation, we con- 
clude that purified samples of fragment A were contaminated 
with less than 0.2% by mass of fragment F. In a similar way, 
we determined that the corresponding amounts of contamina- 
tion for fragments E and D were <0.38% and <0.8%, 
respectively. 


DISCUSSION 
We have identified, by gel electrophoresis, six fragments from 
Ad2 DNA after digestion with endonuclease R- RI. The 
cleavage was complete and the six fragments (fragments A—F) 
were demonstrated to be unique segments of the Ad2 DNA by 
the following observations: (¢) The sum of the molecular 
weights of the six fragmen*s equaled that of intact adeno- 
virus type 2 DNA. (ii) All six fragments were generated in 
equimolar amounts. (tit) Each fragment had a renaturation 
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Fig. 4. Kinetics of reassociation of denatured **P-labeled 
samples of fragments A—F and complete Ad2 DNA. Samples in 
0.14 M phosphate buffer (18) and 0.4% SDS were incubated at 
68°. Aliquots (100-200 ul) were withdrawn at intervals and as- 
sayed by chromatography on hydroxylapatite. The time required 
for 50% of the sequences to renature (t:/,) was calculated from 
tiy, = [t(1 — fos)/fos]; (¢ = time of incubation; fos = fraction of 
double-stranded DNA in a sample at a given time, ¢, as deter- 
mined by chromatography on hydroxylapatite). Each line repre- 
sents the theoretical curve computed from the average f:/,; in all 
cases, f:/, was calculated from three or more samples containing 
between 10 and 65° renatured DNA. The fraction of double- 
stranded DNA was calculated from the fraction of **P-counts 
that adsorbed to hydroxylapatite in 0.14 M phosphate buffer. 
No corrections were made for zero- or infinite-time renaturation. 
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Fic. 5. Kinetics of reassociation of denatured **P-labeled 
fragment F in the presence of excessive amounts of unlabeled 
fragment A or Ad2 DNA. Reaction mixtures contained 2 ng of 
32P-labeled fragment F and 1 yg of fragment A (O) or 1.7 ug of 
Ad2 DNA (@) per ml. The rate of reassociation was also estimated 
for fragment F alone under identical conditions (@). The fraction 
of duplex DNA in the samples was estimated as described in the 
legend to Fig. 4, after different times of incubation at 68° in 0.14 
M phosphate buffer (18) and 0.4% SDS. 


complexity that is proportional to its molecular weight. (iv) 
The fraction of the total DNA migrating in each of the six 
peaks remained constant during prolonged digestion. 

Electron microscopy showed, in addition, a heterogeneous 
population of fragments with molecular weights in the range 
200,000-600,000 (Fig. 1). These fragments were apparently 
not derived from Ad2 DNA since (7) they were not present in 
equimolar amounts (Fig. 1) and (iz) gel electrophoresis of 
digested samples of **P-labeled Ad2 DNA containing 5 X 105 
epm (under conditions where DNA of molecular weight of 
100,000 or less would be resolved) revealed no labeled material 
smaller than fragment F. Electron microscopy of our enzyme 
preparation showed some DNA-like material, and it is likely 
that this was the origin of the small fragments. 

Electrophoresis on composite agarose—polyacrylamide gels 
(17) was a useful method for separation of the six fragments of 
Ad2 DNA. All fragments were clearly resolved from each 
other, although some of the fragments differ by as little as 15% 
in length. This method would not, however, resolve fragment A 
from DNA segments larger than 5 X 10° daltons (Fig. 3). 
The homogeneity of fragment A was therefore ascertained by 
electron microscopy and by estimates of the rate of DNA re- 
naturation of fragments D-F in the presence of a vast excess 
of fragment A. 

In view of its specificity, endonuclease R- RI should be of 
general importance for obtaining defined fragments of DNA 
from large mammalian DNA viruses. The fragments that were 
generated from Ad2 DNA with this enzyme should facilitate 
mapping of the adenovirus chromosome. 
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ABSTRACT Several molecules of a protein specified by 
gene 3 of M13 comprise a minor fraction of the phage 
coat and have been assigned a role in adsorption to the 
bacterial cell. We find that the gene-3 protein molecules 
of the virion are fully conserved in phage that have at- 
tached irreversibly to the host cell, and they form a 
complex with the phage DNA when it has been converted 
to a duplex replicative form. In cells infected at a restric- 
tive temperature with a thermosensitive mutant in gene 
3, there is no conversion of the phage DNA to the replica- 
tive form. Both the adsorbed phage and the complex of 
replicative form DNA with the gene-3 protein were iso- 
lated with the inner membrane fraction of the cell. We 
suggest that the gene-3 protein may perform an essential 
function in the synthesis of replicative form by linking 
the phage DNA to a cellular replicative system in or on the 
inner cell membrane. 





M13, a filamentous coliphage, is closely related to phages fl 
and fd (see ref. 1 for review). It is composed of a single- 
stranded, circular DNA molecule in a capsid of about 3000 
molecules of a protein specified by gene 8 (5000 daltons), and 
a few molecules of a protein coded by gene 3 (70,000 daltons). 
Adsorption of the virion specifically to male cells has been 
attributed to the F-pilus structure (2). The gene-3 protein 
has been implicated in this initial step (3). Penetration of the 
phage and conversion of the single strand to RF I requires 
no synthesis of phage-specific proteins (4). 

Our interest in the details of M13 DNA synthesis (5-7) 
has led us to inquire into how, and in what location, the phage 
template is made available to the host replicating machinery. 
There have been indications that uncoating of the phage de- 
pends on DNA replication (Forsheit, A. B. and Ray, D. §.., 
personal communication), and that the DNA during its 
replication is associated with the cell-membrane fraction (8). 
We have exploited the unique labeling of the gene-3 protein 
with an amino acid that is missing from gene-8 protein (1, 
9, 10). We show that the gene-3 protein remains with the 
phage after its irreversible adsorption, that it forms a complex 
with the RF, and that both attached phage and RF are as- 
sociated with the inner cell membrane. Furthermore, we 
show that a phage mutant with a defective gene-3 protein 
fails to form RF. 


MATERIALS AND METHODS 
Chemicals were as follows: H;**PO, (carrier-free) from New 
England Nuclear, [*H]thymine (17.5 Ci/mmol) from Sch- 


Abbreviations: RF, (phage) double-stranded circular replicative 
form; RF I, (phage) covalently closed RF; RF II, (phage) RF 
with a discontinuity in at least one strand. 


warz/Mann, [*H Jhistidine (51 Ci/mmol) from Amersham, 
chloramphenicol from Parke—Davis, and rifampicin from 
Calbiochem. [**P]Phosphatidylglycerol (40 Ci/mmol) was 
prepared according to Scandella and Kornberg (11). 


Growth of Cells and Phage. Bacterial and phage strains used 
were generously provided as follows: Escherichia coli K-12 
5274 (thy-, F*) from the J. Lederberg collection, FE. coli 
HfrC71 (thy~, endo I~, met~, UVsens.) by Dr. H. Hoffman 
Berling, 2. coli K37 (su-1*, F*) by Dr. Dan Ray, M13 wild- 
type and mutant strains am2 and am5 (12), and M13 ¢s3 H-2 
and H-8 (12, 13) by Dr. David Pratt. 

The media used were: H-broth (14), Marvin medium 
(15), GCA medium (16), and a GCA medium for the prep- 
aration of histidine-labeled phage, in which the casamino 
acids in GCA were substituted by 20 ug/ml (each) of 19 L- 
amino acids found in protein, with histidine omitted. 

Phage were purified by polyethyleneglycol precipitation 
(17), followed by sedimentation through a sucrose density 


gradient. 


Labeling of Phage. For labeling of phage DNA, [**P |phos- 
phate (5 mCi/100-ml culture) or [*H|]thymine (2 mCi/100- 
ml culture) was added to the culture in GCA medium at the 
time of infection. For labeling of phage gene-3 protein, [*H ]- 
histidine (3 mCi/100-ml culture) was added to the culture. 
Specific activities (epm/10" PFU) were about: 4 x 10* 
for ®P, 2 x 104 for [7H]thymine, and 0.5 X 10‘ for [°H|]- 
histidine. After digestion of chloroform-treated phage with 
pancreatic deoxyribonuclease, more than 90% of the *P 
became acid-soluble. Similarly digestion of [*H Jhistidine- 
labeled phage with Pronase rendered more than 95% of the 
3H acid-soluble. Protein from phage labeled with [*H|]- 
histidine and solubilized with 0.1 M NaQH-3% Na dodecy! 
sulfate displayed one peak of radioactivity on a dodecy] 
sulfate—acrylamide dise-gel (Fig. 1). This peak corresponds 
to a protein of about 70,000 daltons, as determined with pro- 
tein standards, a value similar to that obtained for the gene- 
3 protein (10). 


Cell Lysis. Cells were lysed with lysozyme-EDTA and 
Sarkosy! as described by Ray and Schekman (16). To mea- 
sure the association of phage with the cell membranes, 
spheroplasts of infected cells were lysed (18) by osmotic 
shock. 

Separation of DNA. M13 replicative forms were separated 
by velocity sedimentation. Samples (400 ul) were layered on 
5-20% (w/v) linear sucrose gradients (12 ml) containing 
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Fic. 1. Dodecyl sulfate-acrylamide disc-gel electrophoresis 
of [*H]histidine-labeled phage protein. Labeled phage (wild- 
type) was incubated for 30 min at 37° with 0.1 M NaOH-3% 
dodecy! sulfate, applied to a 10% acrylamide gel containing 0.1% 
dodecy! sulfate, and electrophoresed in the discontinuous system 
of Jovin et a/. (19). Dried gel slices were counted in a toluene- 
based scintillation fluid. Arrows represent the positions of a 
bovine-serum albumin (BSA) band on a parallel gel with protein 
standards and the front. 


0.01 M Tris-HCl (pH 8.0)-1 M NaCl-1 mM EDTA in a 
nitrocellulose tube and sedimented for 16 hr at 26,000 rpm 
in a Spinco SW40 rotor at 5°. To separate the membrane- 
bound from freely-sedimenting phage DNA, samples (400 ul) 
were applied to two-step sucrose gradients (5-20 and 30-50%, 
w/v) (12 ml) [containing 0.01 M Tris-HCl (pH 7.5)-1 mM 
EDTA] in a nitrocellulose tube and sedimented for 3 hr at 
40,000 rpm in a Spinco SW40 rotor at 5°. For sucrose-gradient 
equilibrium sedimentation, 30-70% (w/v) linear sucrose 
gradients containing 0.01 M Tris- HCl (pH 7.5)-5 mM EDTA 
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Fic. 2. Velocity sedimentation of Sarkosyl lysates of cells 
infected with phage labeled with **P and [*H]histidine. EF. coli 
5274 cells were grown to 0.25 OD;9; in GCA medium, pelleted at 
room temperature, resuspended in an equal volume of this medium 
(containing 200 ug/ml of chloramphenicol), and incubated for 
10 min at 37°. The suspension was infected with wild-type phage 
(labeled with **P and [*H]histidine) at MOI = 100 for 10 min 
at 37°. The suspension was then chilled to 0° and adjusted to 
0.02 M NaCN, Cells were pelleted and washed three times with 
10 mM Tris-HCl (pH 8.0)}-1 mM EDTA-0.02 M NaCN, after 
which they contained 2-3 phage equivalents per cell. The cells 
were resuspended in Tris-EDTA-0.1 M NaCl and lysed by in- 
cubation with 400 ug/ml of lysozyme for 10 min at 37°, then with 
0.5% Sarkosyl for 10 min at 37°, and were applied to a 5-20% 
sucrose velocity gradient, which was separated into 15-drop- 
fractions. Direction of sedimentation is from right to left. Position 
of the phage peak was determined by sedimentation of marker 
phage and assays of infectivity. Position of the RF I peak was 
determined by its sedimentation relative to phage. 
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Fic. 3. Velocity sedimentation of gently lysed cells infected 
with **P-labeled phage. E. coli 5274 cells were grown to 0.25 
ODs»; in H-broth, pelleted at room temperature, resuspended in 
an equal volume of H-broth (containing 200 ug/ml of chloram- 
vhenicol), and incubated for 10 min at 37°. The suspension was 
infected with wild-type phage (**P-labeled) at MOI = 100 for 10 
min. The suspension was chilled to 0° and the cells were pelleted. 
The pellet was resuspended in 10% sucrose-0.01 M Tris-HCl 
(pH 7.5)-5 mM EDTA and lysed by incubation with 50 ug/ml 
of lysozyme for 30 min at 0° and the addition of 4 volumes of 
water, then was applied to a two-step gradient (Methods), which 
was separated into 15-drop fractions. Direction of sedimentation 
is from right to left. Insert: wild-type phage (**P) added to cells 
infected with [*H]thymine-labeled phage after lysis. 


were formed (12 ml). Samples were applied and sedimented 
to equilibrium for 18 hr at 36,000 rpm in a Spinco SW40 


rotor at 5°. 


Other Methods. Phospholipase A assay was performed ac- 
cording to Scandella and Kornberg (11) and DPNH oxidase 
activity was measured essentially according to Osborn et al. 
(18). 


RESULTS 


Gene-3 Protein Remains with the Phage DNA. The fate of 
gene-3 protein upon infection was determined in chloram- 
phenicol-treated cells; the phage was labeled with **P in the 
DNA and [*H]histidine in the gene-3 protein. In a lysate, 
10 min after infection, both the **P and *H labels were found, 
after velocity sedimentation, in two peaks (Fig. 2). The 
faster-sedimenting peak corresponds to phage (as determined 
by sedimentation of marker phage and by assay of infectivity 
across the gradient); the slower peak corresponds to RF I 
(from its position relative to the phage peak) (20). The 
3H /*2P ratio in the phage and RF I peaks were in the same 
range as that of the infecting phage (0.70 + 0.10). Thus, the 
gene-3 protein remained associated with the phage after its 
adsorption, and with the phage DNA even after its conversion 
to RF. 

Similar results were obtained when cells were grown in H- 
broth instead of GCA medium, and when cells were lysed 
somewhat later (15 min) after infection. In the absence of 
chloramphenicol, the sedimentation pattern was the same, 
except for the appearance of an RF II peak (40% of total 
RF), which contained a relatively smaller amount of the 
[3H Jhistidine label; the #H /*?P ratio was about 0.2. 


The Infecting Phage DNA and Gene-3 Protein Are Associated 
with the Inner Membrane. The phage DNA (adsorbed phage 
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Fic. 4. Equilibrium sedimentation of gently lysed cells in- 
fected with phage labeled with **P and [*H]histidine. Infection 
and lysis were performed as described in Fig. 3. A sucrose equilib- 
rium gradient was separated into 6-drop fractions. Direction of 
sedimentation is from right to left. 


and RF) was found in a fast-sedimenting form in lysates of 
infected cells (Fig. 3), cosedimenting with two membrane- 
bound enzymes, phospholipase A and DPNH oxidase (18). 
By contrast, free phage added to infected cells (Fig. 3, insert) 
or to uninfected cells after lysis were not recovered in a fast- 
sedimenting form. Thus, the association of the DNA of ad- 
sorbed phage and parental RF with the cell envelope fraction 
is probably not a simple artifact of secondary adsorption in 
the lysate. In contrast to wild-type phage DNA, which is 
associated with the cell envelope upon an infection at both 
30° and 42°, ts 3 H-8 phage DNA was not associated at 
either temperature. * 

When gently lysed cells (infected as in Fig. 2) were applied 
to a sucrose density gradient and centrifuged to equilibrium 
(Fig. 4), both labels cosedimented at the density of 45% 
sucrose, the position of the inner membrane, as determined by 
DPNH oxidase, a marker for the inner membrane (18). The 
outer membrane banded at 60-65% sucrose in this gradient 
(Fig. 4), as judged by phospholipase A, a marker for the outer 
membrane (Marco and Kornberg, unpublished results and 
ref. 18). Cell DNA banded in the region of outer membrane, 
with only a trace (1%) in the inner membrane region. 

Association of infecting phage DNA with the inner cell 
membrane was observed with EF. coli HfrC, as well as with 
FE. coli 5274; results were the same in GCA medium as in 
H-broth. 

Solubilization of the inner membrane fraction with Sarkosy! 
released both phage and RF, as determined by sucrose gra- 
dient sedimentation. 


Growth of ts 3-Infected Cells at Nonpermissive Temperature. 
The growth curve of ts 3-infected cells (su~) at 42° resembles 
the growth curve of uninfected and am 2-infected cells, in 
contrast to the growth curves for am 5- and wild-type-in- 
fected cells (Fig. 5). The am 2 phage are blocked early in the 
infectious process and, therefore, do not accumulate RF 
as do other amber mutants and wild-type phages (13). The 
fact that ts 3-infected cells display a growth curve similar to 


* The inability to recover ts3 H-8 phage DNA with the cell 
envelope upon lysis of cells infected at 30° or 42° may be due to 
the lability of the association. In contrast, ts3 H-2 phage DNA 
was recovered with the cell envelope upon lysis of cells infected 
at 30°; upon infection at 42° this association was greatly re- 
duced. (ts3 H-8 yields 10-fold lower titers at 30° than ts3 H-2 or 
M13 wild-type). 
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Fic. 5. Growth curves of phage-infected cells at 42°. E. 
coli HfrC cells were grown to 0.15 ODs59; in Marvin medium and 
infected with wild-type and mutant M13 phage (MOI 50) 
at 42°. 


that of am 2-infected cells suggests that here too there is a 
block in an early event of infection. The nearly normal 
growth curve with ¢s 3 also indicates that this infection, un- 
like that of the wild-type phage, does not severely depress 
cell metabolism at 42°. 


Complementation of ts3 and Amber Mutants. Can the ts3 
phage adsorb to and penetrate the cell at the nonpermissive 
temperature? Complementation tests between ‘s3 and either 
am 2 or am 5 mutants indicate it can (Table 1). In su~ cells at 
42°, the ts3 complemented with both amber mutants as ef- 
fectively as did the contrc’ am 2 with am 5, which normally 
complement under these conditions. 


TABLE 1. Complementation of ts3 and amber mutants 





c 
c 


Complementation 


10’ Infectious centers . 
Exp. 


Type of infection Exp. I Exp. II Exp. I II 


<0 <1 

<0. 

<0. <1 

<0 <1 
am2 70 14 


m" 
+ am5 ; 3 
ee 


am2 
ts3 H-8 + am5 ll — 
am2 + am5 , 13 





E. coli HfrC were grown to 0.5 OD units at 595 nm in Marvin 
medium at 37° and concentrated 10-fold by pelleting and resu- 
spension in this medium. Aliquots (0.1 ml) of this suspension 
were incubated at 42° for 10 min. 1-30 wl samples of phage dilu- 
tions (that had been incubated for 15 min at 42°) were added 
as designated in the table [multiplicity of infection (MOI 50 
for each phage mutant and incubated for a further 10 min at 42°. 
The suspensions were then diluted 10’-fold with Marvin medium 
(42°) and plated on E. coli HfrC at 42° (14, 16). Plaques were 
counted and infectious centers were thus determined. A mock in- 
fection was performed and the cell suspension was diluted 10’-fold 
and plated directly (Exp. I: 250 « 10’ cells per ml; Exp. IT: 200 
< 10° cells per ml). All steps were done at 42°. Percent comple- 
mentation was calculated as: 


[infectious centers /(250 « 10’ or 200  10°)} x 100. 
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TaBLe 2. Single-strand to RF conversion in ts 3 and 
wild-type infections at 30° and 42° 





30° 
Min % RF Min 





Type of infection 


ts3 0 0 
5 25 

10 33 

Wild-type 0 0 
10 24 

30 59 








E. coli 5274 cells were grown to 0.7 ODs9; in Marvin medium 
at 37°, concentrated 3-fold by pelleting and resuspension in this 
medium, incubated for 10 min at either 30° or 42°, and infected 
with wild-type or ts3 H-8 phage (labeled in the DNA) at an 
MOI = 5 for the indicated times. Infection was stopped by 
addition of NaCN to 0.02 M and chilling to 0°. Cells were lysed 
and sedimented as described in Fig. 2. Percent RF was calculated 

.from the gradients by summing up the counts in the phage and 
RF peaks; values of 4% or less were not detectable and were re- 
corded as 0%. 


The success of this complementation experiment argues 
that the ‘s3 phage adsorbs to and penetrates the cell at a non- 
permissive temperature. It also argues that gene-3 protein 
produced by the amber mutant acted in a trans fashion in 
the conversion of the ts3 DNA to its RF, so that the RF 
would be enabled to express the gene functions defective in 
the amber mutants. 

However, the complementation results do not measure 
effects of the gene-3 protein on the rates of adsorption and 
penetration. When adsorption was measured by sedimentation 
of **P-labeled phage with the cells, similar values were found 
for ts3 H-8 at 30° and 42°. At multiplicities of infection of 
1-10 and at times of 0-15 min after mixture with the cells, 
the values for adsorption of wild-type phage at 30° and 42° 
were in the same range as for ts3 H-8. 


Single-Strand to RF Conversion in ts3 Infection at 42°. 
Since ts3 phage penetrate the cell at 42°, it is possible to use 
this mutant to study the role of gene-3 protein in the conver- 
sion of single strands to RF. The conversion upon infection 
of cells with parental-labeled ts3 at 30° and 42° was deter- 
mined at various times after infection by velocity sedimenta- 
tion of cell lysates (Table 2); control determinations were 
made with wild-type phages. The single-strand to RF con- 
version of ts3 phage DNA was comparable to that of wild- 
type phage at 30°. At 42°, however, there was no conversion 
of ts3 phage DNA, while that of the wild-type phage remained 
at a high level. At 30°, the single-strand conversion to RF was 
inhibited by rifampicin but not by chloramphenicol in ts3 in- 
fections, just as in wild-type infections (5). 


DISCUSSION 


It had been accepted that the first stage in replication of the 
M13 phage, the conversion of the parental single strand to 
the duplex replicative form, required only the operation of 
host-cell proteins (1). Inasmuch as the infection progressed 
up to this point in the presence of high concentrations of 
chloramphenicol, it was clear that the new expression of 
host genes was not required. However, as the results to be 
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discussed show, there is, nevertheless, an involvement of a 
viral gene product in this initial replicative event. It is a 
minor protein component of the phage, one coded by gene 3. 
The gene-3 protein, which appears to have a role in adsorption 
of the phage (3), enters the cell with the phage DNA and is 
fully conserved as part of a complex with the replicative 
form. Inasmuch as phage mutants with a defective gene-3 
protein fail to form the replicative form, the functions of this 
protein in replication may be essential. 

Relatively little is known at the molecular level about how 
M13 is adsorbed and decapsidated, and how its DNA pene- 
trates the cell membrane. There have been indications that 
uncoating of the phage is coupled to DNA replication and 
that the phage single-strand never appears as a free interme- 
diate (Forsheit, A. B. and Ray, D. S., personal communica- 
tion). Our results support this view. In the presence of rifam- 
picin, which blocks initiation of DNA replication (5), the 
phage are irreversibly attached to the cell, but there is no 
release of the DNA. There are 2-3 phages per cell, corre- 
sponding to the accepted number of F-pili and adsorption 
sites. Such attached phages have lost their infectivity (Jaz- 
winski, Marco, and Kornberg, unpublished results) and have 
become susceptible to DNase, but their buoyant density has 
not been detectably altered. These phages, as well as the pa- 
rental RF produced in the absence of rifampicin, retain the 
gene-3 protein molecules without loss (Fig. 2). 

The significance of the gene-3 protein for DNA replication 
rests on three lines of evidence. To begin with, it is retained in 
cells in an amount stoichiometric with the phage DNA, and it 
persists as a complex with the parental RF. This behavior is 
unlike that of the gene-8 capsid protein, variable amounts 
of which remain in the cell membrane (21, 22). Secondly, a 
mutant that is temperature sensitive (ts) in gene 3 fails at an 
elevated temperature to produce RF, as judged by direct 
analysis (Table 2) and as may be inferred from the nearly 
normal growth rate of infected cells (Fig. 5). Finally, such ts 
mutants complement amber mutants in later functions 
(Table 1). The capacity of the ts gene-3 to exchange functions 
with amber gene-2 and gene-5 mutants in a mixed infection 
indicates not only that the ts-3 phage can adsorb to and pene- 
trate the cells at a restrictive temperature, but that the gene-3 
protein produced by the amber mutants acts in a trans fashion 
to permit the ts-3 replicative form to be made. These results 
do not necessarily conflict with earlier findings in which the 
involvement of the gene-3 protein in phage adsorption (1, 3) 
may have rested on kinetic factors. 

An essential role for a viral protein in the first stage of 
replication of its chromosome may be of general significance. 
The findings described here for M13 resemble those reported 
for the small RNA phages, which also exploit the F-pilus for 
attachment and penetration. The maturation protein of 
MS2 enters infected cells (23, 24), and may be essential for the 
regulation of early events in the expression of the chromosome. 
We have extended our work to phage ¢X174, which relies on 
cell wall receptors for adsorption (ref. 25; Jazwinski, Marco, 
and Kornberg, unpublished results) and have found that the 
isolated parental RF has one or a few molecules of a unique 
phage coat protein associated with it (Jazwinski, Marco, and 
Kornberg, unpublished results). Should this prove to be a 
coat protein essential for infection, then the similarity with 
the M13 results would indeed be strong. One might speculate 
further that a diligent search for an analogous protein in all 
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bacterial and animal viruses would reveal a widespread need 
for such an element in the infective process. 

Assuming that the gene-3 protein participates in the initial 
replication of phage DNA, what might its functions be? Our 
results on the association of the irreversibly adsorbed phage 
and the parental RF with the inner cell-membrane fraction 
of the cell (Figs. 3 and 4) (26) suggest that the gene-3 protein 
may link the phage DNA to a cellular replicative system in or 
near the membrane. Such a structural orientation or seques- 
tration of the viral chromosome may, in fact, be essential if it 
is to compete successfully for a replicative system ordinarily 
reserved for host DNA elements. This role for the gene-3 


protein, which is dispensable in soluble enzyme systems that 


replicate viral single strands (6, 7), may have to be sought 
at an earlier stage of phage uncoating at the cell membrane. 
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ABSTRACT Skin fibroblasts (CC-69) cultured from a 
patient with a unique syndrome of ketoacidosis associated 
with coenzyme A transferase (EC 2.8.3.5) deficiency showed 
an altered pattern of carbohydrate metabolism. These 
cells used glucose at a rate significantly less than controls 
(125 against 680 nmol/mg per hr). The oxidation of [6-'*C]- 
glucose to “CO, by these cells was also significantly di- 
minished (12 against 350 pmol/mg per hr), but [2-'*C]- 
pyruvate and [I,4-'‘C]succinate oxidation by these cells 
did not differ from that by control cells. Measurements of 
glycolytic intermediates showed a reduction of several 
intermediates in the CC-69 cells that confirmed an in- 
hibition of glycolysis between fructose-1,6-bisphosphate 
and pyruvate. The apparent inhibition in these cells could 
be reversed by an extended incubation of the cells in a 
buffered glucose solution. After 18 hr of incubation in 2.5 
mM glucose, glucose uptake by the CC-69 cells increased 
20-fold to 2560 nmol/mg per hr, whereas the rate for control 
cells remained constant at 640 + 90. Concomitant with 
this increase, [6-'*C]glucose oxidation rose from 8 to 2261 
pmol/mg per hr while controls remained constant at 428 + 
175. This change was not due to new enzyme formation 
because incubation with puromycin had no effect on the 
increased use of glucose. Mixing experiments demon- 
strated no transfer of a permeable inhibitor or activating 
substances. In view of the deficiency of coenzyme A trans- 
ferase in these cells, the data suggest an indirect regulatory 
role for this enzyme in peripheral tissue glycolysis. 





Cultivation of human fibroblast cell strains provides a unique 
system for in vitro metabolic studies, and the use of explants 
from human skin biopsies has permitted the precise defini- 
tion of several inborn errors of metabolism (1-3). Carbo- 
hydrate metabolism in cells in culture has been studied under 
various experimental conditions (4-7), and extensive reviews 
by Levintow and Eagle (8), Paul (9), and Cristofalo, Howard, 
and Kritchevsky (10) have documented that the metabolic 
processes of cells in tissue culture were consistently similar. 

Investigations in this laboratory have described an alter- 
ation in the oxidation of labeled glucose in the tissue culture 
fibroblasts (CC-69) derived from a skin biopsy from an in- 
fant with an unknown form of ketoacidosis (11, 12). Sub- 
sequent reports have shown that the ketoacidosis in that 
infant was associated with a deficiency of Succinyl-CoA: 
3-ketoacid CoA transferase (CoA transferase) (EC 2.8.3.5) 
(13, 14). The continued study of this cell strain offers a unique 
opportunity for the understanding of cellular metabolism. 

It is the purpose of this report to further describe the alter- 
ations and irregularities in glucose metabolism in CC-69 cells 
and to contrast the metabolic processes in those cells with 
those in tissue culture fibroblast explants from normal con- 


trols. These data suggest an interrelationship between glucose 
metabolism and the oxidation of ketone bodies. 


MATERIALS AND METHODS 


Skin fibroblasts were grown from skin obtained by a punch 
biopsy from an infant with severe ketoacidosis who was shown 
to have a deficiency in CoA transferase (14). Control cell 
lines were derived from the foreskins and diagnostic skin 
biopsies of children with no evidence of ketoacidosis. All 
fibroblasts were maintained in culture in 8-oz bottles in Eagle’s 
Minimal Essential Medium (Grand Island Biological Co., 
Grand Island, N.Y.) with added glutamine (1.8 mM), penicil- 
lin (56 ug/ml), streptomycin (90 ug/ml), and fetal-calf serum 
(10%). Periodic tests for contamination by bacteria and 
mycoplasma were negative. 

For metabolic studies, cells were grown directly in 25-ml 
tissue culture reaction flasks (Kontes Glass Co., Vineland, 
N.J.), and were used 3-5 days after replating. After the me- 
dium was decanted and the adherent cell layer rinsed twice 
with warm Krebs-Ringer phosphate buffer (pH 7.4), 2 ml 
of the buffer containing labeled substrate was then added 
and each flask was capped with a soft rubber stopper with 
an attached plastic center well (Kontes) containing fluted 
filter papers (15). ™C-Labeled substrates, 1.0 wCi per flask 
(New England Nuclear Corp., Boston, Mass.), were used 
without further purification. Except when otherwise noted, 
incubations were done at 37° in a Dubnoff metabolic shaker 
at a rate of 60 cycles/min for 2 hr. 

At the end of the incubation period, 0.3 ml of 20% Cls- 
CCOOH was injected intc the flask by needle and syringe 
to kill the cells and to volatilize the CO2, which was trapped 
in the center well containing 0.2 ml 5 N KOH. After 60 min 
of equilibration in the cold, the caps were removed. The 
center well, including its contents, was placed into 12 ml of 
dioxane base scintillation fluid for counting. Efficiencies, 
determined by the channels-ratio technique, ranged from 40 
to 80%. Corrections for nonspecific or background radio- 
activity were obtained from flasks that had been autoclaved 
before the incubation or to which Cl,;CCOOH had been added 
before the substrate. Results were expressed as pmol of sub- 
strate converted to CO, per mg of protein per hr. In a series 
of experiments, the quenching effect of 0.2 ml of 5 N KOH 
was determined, as outlined above, and found to be constant. 
The results, when corrected for quenching, were consistent 
with experimental results obtained with hyamine hydroxide 
as the CO, absorbent. 
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In the system described above, CO, production was linear 
for a 6-fold range in protein concentration (0.06-0.36 mg of 
protein per flask) and for incubation periods of 2—4 hr. Al- 
though CC-69 cells required more time than control lines to 
reach confluency or a given protein concentration, the oxida- 
tion rates for a given substrate were similar for a given cell 
line on days 3, 4, and 5. Since relatively low substrate con- 
centrations were used and no attempt was made to measure 
intracellular substrate pools, these results represented minimal 
values. 

Glucose utilization experiments were performed in a similar 
manner, except that sterilized rubber stoppers were used to 
cap the flasks. Sterile glucose, 2.5 mM, in Krebs-Ringer 
phosphate buffer was added to each flask. At timed intervals, 
0.2 ml of the supernatant reaction mixtures was removed 
and precipitated to prepare a Somogyi filtrate (16). Glucose 
was measured by a glucose oxidase method (17); lactate was 
measured enzymatically by dye reduction with diaphorase 
as a coupler (18). Protein concentrations were determined 
by the method of Lowry et al. (19) on the total reaction 
mixture after brief sonication to insure complete suspension 
of the cell protein. This allowed for the accurate protein 
determinations since no transfer of cells was necessary. 

Glycolytic and Krebs cycle intermediates were measured 
by Dr. Oliver H. Lowry using fluorometric-enzymatic analysis 
with DPN or TPN indicator systems as described (20). 


RESULTS 


The results of oxidation of five different substrates to CO, 
by tissue culture cells are given in Table 1. The oxidation 
of pyruvate, succinate, and propionate was essentially the 
same in both CC-69 cells and controls. In contrast, the rate 
of “CO, production from [6-'*C]glucose by the CC-69 cells 
was less than 5% of that of the control cells (Table 1). The 
rate of *CO, production by CC-69 cells when [/-'*C]glucose 
was used, was about 50% that of the controls. These differ- 
ences were independent of substrate concentration, which 
was varied from 0.1 to 2.56 mM. 

These results suggested an inhibition of glucose oxidation 
via the Embden—Myerhof pathway between glucose and 
pyruvate in CC-69 cells. This conclusion was further sup- 
ported by the inability of 2.5 mM unlabeled glucose to sig- 
nificantly reduce the pyruvate oxidation in the test cells (710 
against 590 pmol/mg per hr) in contrast to a 4-fold reduction 
in control cells (940 against 210 pmol/mg per hr) (Table 1). 


TABLE 1. Substrate oxidation by tissue 
culture cells* 





CC-69 cells Control cells 


670 + 135 
12+4 
710 + 158 


Substrate (mM) 





1420 + 120¢ 
350 + 150t 
940 + 110 


{1-"*C] Glucose (0.1) 
[6-"4C]Glucose (0.1) 
[2-"*C] Pyruvate (0.13) 
[2-"*C] Pyruvate (0.13) 
+ glucose (2.5) 
[1-'*C] Propionate (0.05) 
[1,4-"*C]Succinate (0.05) 


590 + 200 210 + 45f 
55 + 8 65 + 13 
73 + 16 45 + 8 





* Values are expressed as pmol of substrate oxidized to CO, 
per hr per mg of protein. Each value is the average of six or more 
determinations + SEM. 

t Significant differences (P < 0.05) between the values for the 
test cells and controls. 
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Glycolytic intermediates* in 
tissue culture cells 


TABLE 2. 





Control 


CC-69 





Glucose-6-phosphate 0.32+0.08 0.33 + 0.05 

Fructose 1,6-bisphosphate 0.31+0.05 0.06 + 0.01f 
Dihydroxyacetone phosphate 0.14 + 0.04 0.06 + 0.0If 
3-Phosphoglyceric acid 0.34+ 0.06 0.03 + 0.04t 
Citrate 1.38 +0.18 0.52 + 0.11T 
Malate 0.914 0.31 0.34 + 0.09 
Phosphocreatine 0.80+ 0.12 0.65 + 0.18 
Adenosine triphosphate 4.12+ 0.49 3.15 + 0.40 





For these experiments six flasks with subcultivated test and 
control cells (8-11 passages) were used. After 4 days, the growth 

dia were removed, and cells were washed twice with Krebs- 
Ringer phosphate buffer. The cells were frozen within 30 sec in 
liquid nitrogen at —196°. Samples were stored at —80° until 
analysis. Extracts were prepared by addition of 200 ul of 3.3 M 
HClO, to each flask at —10°. After the ice had been dissolved, 
10 wl of 10 mM EDTA was added followed by H,0 to a volume of 
450 ul. The mixture was centrifuged, and 392 ul of supernate was 
neutralized with 310 ul of 2M KHCO,. For each analysis, 50-100 
ul were used, equivalent to 5-10% of each sample. 

* umol/g wet weight of tissue + SD. 

t As in Table 1. 


The concentration of six glycolytic intermediates, phos- 
phocreatine, and ATP was measured in both CC-69 and 
control cells during proliferation. The concentration of glu- 
cose-6-phosphate per gram wet weight of cells was essen- 
tially the same in both CC-69 cells and the control cell popu- 
lations. But the concentrations of fructose 1,6-bisphosphate, 
dihydroxyacetone phosphate, and 3-phosphoglyceric acid 
in CC-69 cells were significantly less than those in the control 
(Table 2). The concentrations of the two Krebs cycle inter- 
mediates, citrate and malate, were also significantly less in 
the test fibroblasts than in the controls. On the other hand, 
ATP and phosphocreatine concentrations were similar in 
extracts from control and test cells (Table 2). These results, 
in conjunction with the substrate-oxidation experiments, 
demonstrate that there is a definite alteration in glucose 
metabolism between the formation of glucose-6-phosphate 
and pyruvate in CC-69 cells. 

Preliminary experiments reported earlier suggested a differ- 
ence between the rate of glucose use by CC-69 cells and by 
control cells (12). The results diagrammed in Fig. 1 show that 
control cells used glucose at a constant rate when measured 
at 6- and 12-hr intervals for 24 hr. In contrast, there was a 
dramatic change in the rate of glucose use for the same period 
by the CC-69 fibroblasts. During the first 12 hr. CC-69 cells 
used 125 nmol of glucose per hr per mg of protein, which was 
less than 25% the rate of control cells (600 nmol/hr per mg). 
During the last 5-hr period (18-23 hr) the rate of use by CC-69 
was almost four times that of the control (2200 against 580 
nmol/hr per mg). 

The concentration of lactate measured in the same incuba- 
tion media decreased from 9.1 to 5.3 to 2.42 umol/mg of pro- 
tein at 12, 18, and 23 hr, respectively, in flasks with control 
cells. In the flasks with CC-69 cells, the concentrations that 
were consistently lower also showed a decrease from 2.9 to 
0.9 to 0.0 umol/mg of protein at the same time periods. The 
net lactate-production rates calculated from these data for 
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Fic. 1. The rate of glucose use by fibroblasts in culture. 
In these experiments, 1 to 3 X 10° monolayered cells in 
25-ml flasks were incubated in 2.5 mM of sterile buffered glucose 
solution (pH 7.4) for 23 hr. Aliquots were taken at 12, 18, and 
23 hr to measure glucose and lactate. The open areas represent 
the CC-69 cells, and the shaded areas represent the control cells. 
The results are expressed as the average nmol of glucose used 
per hr per mg of protein + SEM. 


the first 12 hr were 240 and 760 nmol/mg per hr for the CC-69 
cells and control cells, respectively. This three-fold difference 
in the rate of lactate production for the CC-69 and control 
cells is similar to the difference in the rates of glucose use cited 
above. During the succeeding time intervals, there appeared 
to be a net lactate consumption by both types of cells, even 
when there was an increased use of glucose by the CC-69 
cell line. 

At least two possible mechanisms could be responsible for 
this striking change in the rate of glucose use in these cells. 
These include the induction of a critical enzyme or a possible 
decrease in the concentration of an inhibitor after extended 
incubation. The results in Fig. 2 show that the increasing 
rate of glucose use by CC-69 cells during a 24-hr incubation 
period was the same in the presence or absence of 1 mg/ml of 
puromycin. This would suggest that the increased rate of 
utilization was not the result of an induction de novo of enzyme. 

In an experiment to determine whether the oxidation of 
[6-"4C glucose to “CO. by CC-69 cells could be correlated 
with the increased rate of glucose use, reaction flasks with 
equal amounts of cells were divided into two groups: those 
that were tested immediately after the removal of complete 
growth media and those that were tested for [6-'*C]-glucose 
oxidation after extended incubation in buffered glucose. The 
rate of [6-'*C]glucose oxidation by CC-69 cells immediately 
after their removal from growth media was essentially zero. 
In contrast, those cells that had been incubated in a medium 
with 2.5 mM glucose for 15-18 hr, oxidized [6-'*C ]glucose 
to “CO, at an average rate of more than 1900 nmol/hr per 
mg (Fig. 3). This represents more than a 100-fold increase in 
the rate of glucose oxidation by these cells. On the other hand, 
similar preincubation of control fibroblasts in glucose did 
not result in a significant change in the rate of oxidation by 
these cells. 

The CC-69 cells were preincubated in glucose for 18 hr, 
then reincubated for another 6 hr in complete media. The 
rate of oxidation of [6-'*C]glucose was again essentially the 
_ same low rate as was observed in those cells that had not been 
preincubated in glucose (Fig. 4). Cells that had been pre- 
incubated in buffered glucose for 24 hr oxidized glucose at a 
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rate similar to that of cells incubated for 18 hr. This result 
demonstrated that the decrease in oxidation was not the result 
of the additional 6-hr incubation. 

The results of the use of glucose as well as the specific 
oxidation of [6-'*C]glucose suggest a reversible inhibition of 
glucose oxidation. The incubation of control cells with growth 
media from CC-69 cells for various periods up to 12 hr resulted 
in a significant decrease in the rate of [6-'4C ]glucose oxidation 
by the control fibroblasts. In a similar experiment there was 
no change in the oxidation of [6-'*C]glucose by CC-69 cells 
that were incubated in growth media from control cells. 


DISCUSSION 


The rate of glucose use by control cell strains that is in the 
range of 400-700 nmol/hr per mg of protein as reported above, 
is in good agreement with results reported by other authors 
(4, 22) and reflects the metabolic similarity of many human 
fibroblasts in culture. In contrast, the glycolysis by CC-69 
cells is strikingly different from that of control cells either as 
reported here or as compared to results from other human 
diploid fibroblasts in culture. 

Despite the variability of cell culture techniques, the 1ate 
of glucose use by human fibroblasts appears to be similar 
for most cell lines. There have been several reports that 
have described some exceptions to this consistent pattern. 

Barnes and Melnykovych, in a brief note, reported that 
prednisolone induced changes in glucose metabolism (21), and 
Condon et al. (23) have shown differences between the glucose 
metabolism of fetal and nonfetal human fibroblasts. Recently, 
Warshaw and Rosenthal (24) have also described changes in 
glucose oxidation that occur during the growth of embryonic 
heart cells in culture. Studies in this laboratory have demon- 
strated that there is no difference between the glucose metab- 
olism in cell strains from explants of human foreskin and in 
cells derived from biopsies from infants who ranged from one 
day to six months of life (Tildon and Stevenson, unpublished 
data). Therefore, it can be concluded that the significant 
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Fig. 2. Glucose use by CC-69 cells in the presence and 
absence of puromycin. The rate in the absence of puromycin is 
diagrammed by the shaded areas, and the rate in the incubation 
mixture containing 1 mg/ml of puromycin is represented by the 
open areas. The experimental methods are the same as those 
described in Fig. 1. 
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alteration in glucose metabolism observed in CC-69 cells 
represents a unique property of these fibroblast cells in culture. 

The results described above indicate that glucose use and its 
subsequent oxidation via the Embden-—Myerhof glycolytic 
pathway are both greatly reduced. The measurements of 
glycolytic intermediates indicate that the amount of glucose- 
6-phosphate in CC-69 cells is equivalent to the amount found 
in control cells. In contrast, the amounts of three other inter- 
mediates (fructose 1,6-bisphosphate, dihydroxyacetone phos- 
phate, and 3-phosphoglyceric acid) were significantly reduced, 
as were citrate and malate. The use of labeled substrates 
supports the conclusion that there was a block in glycolysis 
in CC-69 fibroblasts. By use of [/-'*C]-glucose, the rate of 
labeled “CO, produced by CC-69 cells was 45-50% that of 
control cells. In contrast, the rate of labeled CO. produced 
from [6-'*C ]glucose by CC-69 cells was less than 5% of that 
of controls. The data also indicate a reduction in glucose use 
(Fig. 1), and it can be concluded that the reduced use of 
glucose by these cells was directly related to a block in glycoly- 
sis between G-6-P and pyruvate since labeled pyruvate was 
oxidized at a similar rate by both cell lines. However, this 
reduction seems not to be related to an alteration in glycoly- 
tic enzymes since other studies have shown that these enzymes 
were present in CC-69 cells in amounts similar to those found 
in control cells (14). 

The block in glycolysis and consequent reduction in glucose 
use only occurred immediately after the cells were removed 
from growth media. Extended incubation of the cells in a 
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Fic. 3. Comparison of [6-'C]glucose oxidation to CO, with 
and without prior incubation in buffered glucose. Growth media 
were decanted from CC-69 fibroblasts (@) and control fibroblasts 
(CO) from normal males of similar ages. After two washes the 
cells were reincubated with either new media or buffered glucose 
for 15-18 hr. This solution was decanted, the cells were washed, 
and the rate of [6-'*C]glucose oxidation was measured by col- 
lection of '*CO, as described in the text. The apparent increase in 
oxidation by the control cells was not significant for the number 
of samples analyzed. The results are the average + SEM. 
Numbers in parentheses are the number of individual sample 
flasks. 
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Fig. 4. The reversal of the increased [6-"C]glucose oxidation 
by growth media. Growth media were decanted from CC-69 
fibroblasts, which were then incubated with (A) new growth 
media; (B) buffered glucose for 24 hr; or (C) buffered glucose for 
18 hr followed by new media for 6 hr. Oxidation of [6-'*C]glucose 
was measured simultaneously in all three groups by the method 
described in the text. 


buffered glucose solution consistently resulted in the reversal 
of the inhibition of glucose use. In addition, the increased use 
of glucose was correlated with an increase rate of [6-'*C]- 
glucose oxidation. The increased rate of use occurred even 
in the presence of added puromycin. 

These data would suggest that a specific inhibitor of 
glycolysis accumulates only in the presence of total growth 
media, which include amino acids, vitamins, and serum. 
The specificity of the inhibitor is not immediately evident. 
However, since these cells were derived from a patient with 
CoA transferase deficiency and contained no CoA transferase 
activity, it seems reasonable to speculate that the inhibitor 
might be correlated with a deficiency of this ketone-using 
enzyme. 

The results presented indicate that CC-69 cells do grow 
in minimal growth media even in the presence of an inhibited 
Embden—Myerhof pathway. Among alternate sources of 
energy for cell growth are the intact hexose monophosphate 
shunt and the oxidation of amino acids in the growth medium. 
The relatively consistent proliferation of these cells could be 
explained by the obligatory or preferential use of another 
substrate. One possible alternative is suggested by the work 
of Griffiths (22), who demonstrated that the growth yields 
of W138 cells (diploid human cells) for glutamine was about 
1/; the growth yield for glucose. Two other reports (25, 26) 
suggest a unique metabolic role for glutamine. In one (26), 
more than 50% of this amino acid is converted to CO,.; Eagle 
et al. (27) have shown that glutamine is an essential metabolite 
for the growth of both HeLa cells and mouse L cells. 
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ABSTRACT At least 70% of plus or minus strands of 
adenovirus-associated virus DNA contain self-complemen- 
tary sequences at or near their termini. Self-annealing of 
these sequences generates circular molecules that are 
closed by duplex, hydrogen-bonded segments. The self- 
annealed segments are sensitive to exonuclease III and 
have a thermal stability comparable to that of double- 
stranded DNA molecules. Length measurements of double- 
stranded adenovirus-associated virus DNA molecules show 
a bimodal distribution, with the larger component being 
10% shorter than SV40 DNA. 

The presence of self-complementary terminal sequences 
in single-stranded molecules of viral DNA has been ob- 
served previously only with DNA from adenoviruses. It is 
thus especially notable that adenovirus-associated virus 
replication is unconditionally dependent on a helper adeno- 
virus. A possible role for terminal self-complementary 
sequences in viral DNA replication is suggested. 





On the basis of hydroxyapatite chromatography data and 
their resistance to degradation by nuclease 8,, we recently 
concluded that minus strands of adenovirus-associated virus 
(AAV) DNA contain self-complementary nucleotide sequences 
(1). These studies suggested that over 50% of the strands con- 
tained self-annealed regions, estimated to represent up to 
20-25% of the total DNA sequences. Although plus strands 
were not similarly studied, they also would be expected to con- 
tain self-complementary sequences. 

In this report the presence of self-complementary sequences 
in both plus and minus strands of AAV DNA is confirmed by 
electron microscopy. After denaturation, plus or minus strands 
rapidly form stable, hydrogen-bonded circles. These circular 
structures indicate that the complementary sequences are 
located at or near the ends of the DNA strand. Depending on 
the method used to extract DNA from virions, the percentage 
of self-annealed molecules in minus or plus strand prepara- 
tions ranged from 50 to 70%. 


MATERIALS AND METHODS 


Viral DNA. The preparation of *H-labeled, bromodeoxy- 
uridine (BrdU)-substituted AAV type 2 (AAV-2) DNA and 
separation of the plus and minus strands of AAV DNA in 
CsCl gradients has been described (2). For extraction of DNA 
from virions, prolonged incubations with papain (12 hr) and 
trypsin (3 hr) have been used (3). To avoid possible breakage 
of DNA during these incubations, an alternative extraction 


Abbreviation: AAV, adenovirus-associated virus. 
* Paper no. X in the series, ‘‘Adenovirus-Associated Virus Multi- 
plication.”’ Paper no. IX is ref. 1. 


procedure was used. DNA was efficiently released when puri- 
fied virions were centrifuged into alkaline sucrose gradients. 
Fractions containing DNA were pooled and dialyzed against 
0.2 M Tris-HCl (pH 8.5)-0.01 M EDTA at 4°. Comparison 
of alkaline sucrose sedimentation profiles of AAV-2 DNA ex- 
tracted with NaOH (Fig. 1A) or with proteolytic enzyme 
(Fig. 1B) demonstrates that the latter technique produces 
considerable strand breakage. 

DNA was digested with Escherichia coli exonuclease III 
(free of endonuclease activity) as before (4), except that the 
incubation temperature was increased to 45° (5, 6). 


Electron Microscopy. Samples of DNA were mounted by 
either the formamide or aqueous techniques described by 
Davis et al. (7). Thermal denaturation of DNA was per- 
formed in the presence of 12% formaldehyde essentially as 


cpm x 10°* 


See anon aie n = 
5 0 5S 20 2 
FRACTION NUMBER 
Fig. 1. Sedimentation of [*H]BrdU-labeled DNA from AAV 
through 5-20% alkaline sucrose gradients. Gradients contained 
0.3 N NaOH, 0.7 M NaCl, 1 mM EDTA, and 0.15% Sarkosyl. 
Centrifugation was for 3 hr at 42,000 rpm and 20° in a Spinco 
model 50.1 rotor. (A) Alkali-extracted DNA. (B) Enzyme-ex- 
tracted DNA. (O) **P-labeled adenovirus type-2 DNA marker. 
BrdU-substituted AAV DNA sediments more rapidly than AAV 
DNA without BrdU (2). 
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Fig. 2. Minus strand DNA. After preparative purification in 
CsCl, minus strands were dialyzed into 0.01 M Tris-HCl (pH 
8.5)-1 mM EDTA and mounted for electron microscopy by the 
formamide technique, which permits visualization of extended 
single-stranded molecules. DNA concentration, 5 ug/ml. (a) Cir- 
cular and linear monomers, (b) linear dimer, and (c) circular dimer. 
Arrow indicates projection. Magnification x 43,000. When DNA 
from the same preparation was mounted under conditions that 
promote collapse of single-stranded DNA (aqueous technique), 
linear or circular structures were not observed. 


described by Doerfler and Kleinschmidt (8). Grids were ex- 
amined in a Siemens Elmiskop 101 and photographed as 
described (4). Contour lengths of molecules were measured 
with a Rand Tablet and PDP-10 computer (Digital Equip- 
ment Corporation, Maynard, Mass.). 


RESULTS 
Electron microscopy of minus and plus strands 


The apparent extent of minus strand self-annealing (1), which 
readily occurs during preparative separation in CsCl gradi- 
ents, would be expected to produce distinctive structures 
that could be identified by electron microscopy. When mole- 
cules from minus strand preparations are mounted for elec- 
tron microscopy by the formamide technique, both linear and 
circular structures are observed (Fig. 2). Identical results 
are also obtained with plus strand preparations. However, 
since minus strands are more easily purified than plus strands 
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(2), studies were performed mainly with minus strands. DNA 
preparations shown in Fig. 2 were extracted from virions in 
0.3 N NaOH, and the proportion of circular molecules is 
relatively high (70-75%). When DNA was extracted with 
proteolytic enzymes, the proportions of circular molecules 
was diminished (50-55%). This difference is probably due to 
less strand breakage during alkali extraction (Fig. 1A and B). 
It is notable that with minus strands prepared from enzyme- 
extracted DNA, the fraction of strands containing self- 
annealed sequences based on hydroxyapatite chromatography 
(1) is similar to that found to be circular by electron micro- 
scopy. The circular molecules present in plus or minus strand 
preparations thus appear to be generated by intramolecular 
annealing of complementary sequences located at or near each 
end of the DNA strand. 

If minus or plus strands contain self-complementary termi- 
nal sequences, they should also be capable of producing speci- 
fic structures as a result of intermolecular annealing reactions. 
As shown in Fig. 2, both linear and circular dimers can be 
seen. It must be noted, however, that linear and circular 
molecules either smaller or larger than those taken to repre- 
sent the predominant monomeric species are also present in 
these preparations. This size variation may be due to tech- 
nical factors, to the presence of true subspecies, or to both. 
The significance of the small projections (shown by the arrow 
in Fig. 2) seen on some linear and circular molecules is not 
clear. We have observed similar projections on single-stranded 
linear and circular SV40 DNA molecules spread under identi- 
cal conditions, a result that suggests that these projections 
may represent preparational artifacts. Neither the size nor 
frequency of the projections was altered with higher con- 
centrations of formamide. 

Since the formation of circular molecules apparently results 
from self-annealing during strand purification in CsCl, it 
should be possible to open circles by alkali denaturation and 
tb subsequently reform them under conditions of renatura- 
tion. Furthermore, the ability to efficiently denature circular 
molecules would indicate that covalently closed strands are 
absent. The experiment shown in Fig. 3 demonstrates that 
circular molecules are completely denaturable and that they 
are rapidly and efficiently reformed during renaturation (50% 
reformation within 10 min). In addition, the initial fraction 
of circles did not significantly increase during incubation 
under annealing conditions, suggesting that maximal self- 
annealing is achieved during preparative separation of the 
strand species. 

The above data indicate that circular molecules are closed 
by a duplex, hydrogen-bonded segment. As further evidence 
for this mechanism of closure, it was observed that circular 
molecules were converted to linear forms when they were 


TABLE 1. Treatment of minus strand circles 
with exonuclease III 





; % Circular molecules* 
Incubation 


time (min) 


+Enzyme — Enzyme 





67 67 
37 63 
29 66 





* 200 Molecules were scored in each sample. 
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treated with exonuclease III (Table 1), which specifically 
cleaves nucleotides from the 3’ ends of polynucleotide chains 
in duplex molecules (5). There was a 57% reduction in circu- 
lar molecules after 4 min of incubation. The use of exonu- 
clease III in confirming the duplex, hydrogen-bonded closure 
of circular, single-stranded adenovirus DNA molecules has 
been described in detail (4, 6). 

The stability of the hydrogen-bonded closure of single- 
stranded AAV DNA circles was tested by thermal denatura- 
tion in 12% formaldehyde. Temperatures that produced a 
50% or greater denaturation of double-stranded AAV DNA 
molecules that contained BrdU (54° and 56°) were required 
to convert single-stranded circles to linear forms (conversions 
of 53 and 96%, respectively). This finding is consistent with a 
highly ordered base-pairing between sequences involved in 
cyclization of DNA strands. 


Electron microscopy of double-stranded AAV DNA 


Double-stranded AAV DNA is formed by an annealing of 
plus and minus strands after their release from virions (9). 
When these preparations of extracted DNA are mounted for 
electron microscopy by either the aqueous or formamide pro- 
cedures, aggregated masses of DNA strands, branched and 
unbranched molecules, and occasional circular structures are 
observed. However, denaturation and reannealing of this 
DNA, as described in Fig. 4, prevents molecular aggregations 
and produces about equivalent proportions of single- and 
double-stranded molecules. An electron micrograph of re- 
annealed DNA, mounted by the aqueous procedure, is shown 
in Fig. 4. Since, as previously noted, only duplex molecules 
remain extended during aqueous mounting, the circular mole- 
cules seen must be double-stranded. Double-stranded circles 
could be found in all preparations of reannealed DNA 
mounted by the aqueous technique, and accounted for 5-15% 
of the total molecules. The presence of covalently closed, 
double-stranded circular molecules in extracted AAV DNA 
is argued against by the absence of a fast-sedimenting com- 





% CIRCULAR MOLECULES 





| - 1 thea 1 


1 
10 20 30 40 50 60 90 120 
INCUBATION TIME (min) 





Fic. 3. Reformation of single-stranded circles after denatura- 
tion. Minus strands were denatured with alkali and renatured in 
50% formamide according to conditions described by Davis et al. 
(7). DNA was mounted by the formamide technique at the indi- 
cated times. The “‘zero time’’ was obtained by neutralization of a 
denatured DNA sample at 4° before spreading. (O) Incubated, 
nondenatured strands. 200 Molecules were scored in each sample. 
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Fic. 4. Double-stranded AAV DNA. DNA was extracted 
from virions with NaOH. Conditions for denaturation and renat- 
uration of DNA (5 ug/ml) as in Fig. 3. Renaturation was done 
for 30 min, and DNA was mounted by the aqueous technique. 
Small circular molecules (panel B) were infrequent. Magnifica- 
tion < 38,000. 


ponent in alkaline sucrose gradients (J. A. Rose et al., un- 
published experiments). Therefore, it seems likely that the 
observed double-stranded circles arise from annealing of 
intact strands with either strands missing some or all of their 
terminal sequences, or with a subpopulation of permuted 
strands. 

Lengths of duplex AAV DNA molecules mounted by the 
aqueous technique were measured in samples that also con- 
tained added SV40 component-II DNA. The length distribu- 
tions of both AAV and SV40 DNA molecules are shown in 
Fig. 5. The SV40 DNA molecules (Fig. 5B) were 97% circu- 
lar, with a mean contour length of 1.55 + 0.04 um. This value 
agrees well with data published by others (10). SV40 DNA 
molecules are readily resolved from AAV DNA molecules 
(Fig. 5A and B), which are shorter. A bimodal distribution 
of the lengths of AAV molecules (components with means of 
1.25 and 1.39 um) is seen, and the few AAV circular forms 
(5% of total molecules) have lengths in the range of the 
larger linear component (Fig. 5A and B). Also, smaller circu- 
lar structures were occasionally found in these DNA prep- 
arations (Fig. 4B). 
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DISCUSSION 


We conclude that a self-annealing of complementary se- 
quences at or near the ends of plus or minus strands of AAV 
DNA generates the observed single-stranded circular mole- 
cules (Fig. 2). On the basis of nuclease S; data (1), the self- 
annealed region appears to contain 400-500 base-pairs. Two 
possible arrangements of the terminal complementary se- 
quences in plus or minus strands are shown diagrammatically 
in Fig. 6. In model A, self-annealed strands would be closed 
by an “in-line” duplex segment, whereas strand closure in 
model B produces a duplex projection or ‘“‘panhandle.’’ The 
terminal sequence arrangement depicted in model A must 
be considered highly unlikely (though not completely ex- 
cluded), because self-annealing would result in a base-paired, 
parallel structure that is not known to occur. However, if the 
self-annealed region contains 400-500 base-pairs, then the 
panhandles predicted by model B should be visible. Alter- 
natively, it may be that the length of self-annealed sequences 
has been over-estimated and that panhandles are simply too 
small to be seen. Although small projections can be seen on 
occasional single-stranded molecules (Fig. 2), their signifi- 
cance is not clear. 

Thus far, only one other virus species has been found that 
contains DNA with self-complementary terminal sequences 
within its strands. Their presence in single-stranded molecules 
of adenovirus DNA was reported by this laboratory (4, 11), 
and subsequently confirmed by others (6). Denatured adeno- 
virus DNA can also self-anneal to form single-stranded circles. 
These circles are closed by duplex segments, which may be 
similar in size (4) to those that close plus and minus AAV 
circles. As is the case with AAV circles, the structure of the 
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Fic. 5. Length distributions of double-stranded AAV DNA 
molecules and SV40 component II DNA molecules. Double- 
stranded AAV DNA molecules were prepared as described in 
Fig. 4. The solid line in B represents double-stranded AAV 
circles. 
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Fic. 6. Two possible models for the arrangement of terminal 
sequences in plus or minus strands of AAV DNA. (A) Self-anneal- 
ing results in an in-line duplex segment. (B) Self-annealing pro- 
duces a duplex panhandle. The model depicted in (A) must be 
considered highly unlikely (see text). 


self-annealed region of adenovirus circles has not been deter- 
mined definitively. 

The occurrence of self-complementary terminal sequences 
in both AAV and adenovirus DNA strands is of great interest 
in view of the fact that AAV replication is unconditionally 
dependent on a helper adenovirus (12), and that adenoviruses 
appear to provide a factor(s) necessary for AAV DNA syn- 
thesis (13). That these self-complementary sequences may 
play a role in DNA replication is suggested by recent evidence 
that adenovirus DNA is replicated from an end of the tem- 
plate molecule (14), as well as by data that inditate that the 
self-complementary sequences in AAV DNA are not trans- 
cribed in vivo (1). Furthermore, if we assume the existence of 
a duplex replicative form of AAV DNA, it is interesting that 
the most likely order of terminal sequences (model B) would 
yield double-stranded AAV molecules having identical ends. 
The same conclusion also holds true for adenovirus duplexes 
(4, 6). This citeumstance might provide a structural basis for 
initiating DNA replication from either end of the parent 
molecule. It would not be surprising if a bidirectional mech- 
anism was involved in the synthesis of plus or minus strands 
of AAV DNA. For instance, if AAV plus or minus strands are 
synthesized separately by strand displacement from a linear 
duplex molecule, then a bidirectional replication mechanism 
would seem necessary. However, whether or not the terminal 
sequences in AAV or adenovirus DNA play a role in DNA 
replication, there is a good probability that they have some 
function in common. 
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ABSTRACT This study describes the kinetic properties 
of N-acetyl-D-galactosaminyltransferase in serum from 
subjects with blood groups A; and A:2. When the 4! and 
A® enzymes were compared, with lacto-N-fucopentaose 
I and 2’-fucosyllactose as acceptors, the enzymes differed 
in their cation requirements, pH optima, and K,, values. 
The two acceptors competed for the same transferase. 
Mixing experiments showed that the lower activity of the 
A® enzyme could not be attributed to a modifier or in- 
hibitor in serum. It was concluded that the A! and 4? en- 
zymes differ qualitatively. 





The N-acetyl-p-galactosaminyltransferase determined by the 
blood group A gene has been found in soluble form in human 
milk (1, 2) and membrane-bound in human submaxillary 
gland (3), human gastric mucosa (4, 5), hog submaxillary 
gland (6, 7), and hog gastric mucosa (8-10). This transferase 
has been found recently in human ovarian cyst linings and 
fluids (11). Various soluble glycosyltransferases involved in 
the synthesis of the prosthetic groups of plasma glycopro- 
teins have been found in the serum of humans (12, 13), rats 
(12, 14), and pigs (15-17). 

There have been several recent reports that the serum of 
human subjects with the blood group A gene contains a soluble 
glycosyltransferase, which can transfer N-acetyl-p-galactos- 
amine (GalNAc) from UDP-GalNAc to suitable exogenous 
acceptors (18-21). When enzyme assays were performed at 
pH 5.5, the activity of serum from subjects with blood group 
A, was 5- to 10-times higher than that from subjects with 
blood group A, (20). The present communication describes 
the kinetic properties of N-acetyl-p-galactosaminyltransferase 
in the serum of A; and A,» subjects. These studies indicate 
that the A! and A? transferases are different enzymes. A pre- 
liminary report of this work has appeared (22). 


MATERIALS AND METHODS 


Oligosaccharide Acceptors. Lacto-N-fucopentaose I (LNF- 
I) and 2’-fucosyllactose (2’-FL) were prepared from the milk 
of a group O, Le(a-b-) secretor, as described by Kobata et al. 
(23, 24). LNF-I was readily identified, since it is a major 
oligosaccharide component of milk from O, Le(a-b-) secretors 
(24). 2’-FL was identified by chromatographic comparison 
in solvent system I (see below) with a sample of 2’-FL pre- 





Abbreviations: LNF-I, lacto-N-fucopentaose I, 2-O-a-1-fucosyl- 
3-0-8-p-galactosy]-3-O0-8-N-acetyl-p-glucosaminy]-4-0--p - galac- 
tosyl-p-glucose; 2’-FL, 2’-fucosyllactose, 2-O-a-.-fucosyl-4-0-s- 
p-galactosyl-p-glucose; GalNAc, N-acetyl-p-galactosamine. 


pared by Dr. Adeline Gauhe. LNF-I and 2’-FL each showed 
a single spot after descending chromatography in solvent 
systems I, II, and III (see below). The concentrations of 2’- 
FL and LNF-I were determined by the reducing sugar 
method, with glucose as the standard (25). 


Paper Chromatography. Descending chromatography was 
performed with Whatman 3 MM paper for preparative 
purposes and Whatman 1 paper for analytic studies. The 
following solvent systems were used: (I) ethyl acetate—pyri- 
dine-water (120:50:40); (II) n-butanol-pyridine-water (6: 
4:1); (III) ethyl acetate—pyridine—acetic acid-water (5:5: 
3:1). Monosaccharides were chromatographed for 24 hr, and 
oligosaccharides for 3-5 days. Radioactive compounds were 
detected with a Packard model 7201 radioscanner and mea- 
sured with a liquid scintillation counter (26). Nonradioactive 
saccharides were detected with a silver nitrate dip (27). 


Nucleotide-Sugar. Uridine diphosphate-N-acetyl-p-[/-'*C }- 
galactosamine (UDP-[1-'*C]GalNAc), 50 Ci/mol, New En- 
gland Nuclear Corp., was diluted to a specific activity of 2 X 
10’ ecpm/umol with nonradioactive UDP-GalNAc prepared 
as described (28). 


Preparation of Enzyme from Human Serum. Serum was ob- 
tained from healthy subjects whose ABO phenotype had been 
determined by standard techniques (29). The genotype of 
some subjects was deduced from the phenotypes of their 
parents or children (30). In kinetic comparisons of A! and 
A? enzymes, subjects of genotype A'O or A'B were used as a 
source of A! enzyme, to avoid the presence of A? enzyme in 
A, subjects of genotype A'A?. Since A; subjects cannot carry 
the A! gene, it was not essential to know the genotype of the 
A» serum donors. 

Enzyme was partially purified by ammonium sulfate 
fractionation at 4°. Saturated ammonium sulfate was added 
to fresh serum (5 ml) to a concentration of 35% ammonium 
sulfate; the mixture was centrifuged (17,000 X g for 30 min) 
and the precipitate was discarded. The supernatant was ad- 
justed to a concentration of 55% ammonium sulfate, cen- 
trifuged as above, and the precipitate was dissolved in 0.25 
ml of 5 mM TES (N-tris[hydroxymethy] ]-methyl-2-amino- 
ethanesulfonate) at pH 7.4. The resulting solution was 
dialyzed against 5 mM TES at pH 7.4 for 4 hr and stored at 
—20° until used for enzyme studies. The final protein con- 
centration was usually between 50 and 70 mg/ml. 
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TABLE 1. Cation requirements for N-acetyl-p-galactosaminyl- 
transferases from human serum 





Enzyme activity 





AO serum A? serum 
fraction* fraction* 
(epm/mg of (cpm/mg of 
protein per protein per 
Incubation mixture 3 hr) 3 hr) 








Complete systemt 7,710 2,500 
— acceptor 120 80 
—Mn** 860 180 
+2.0 umol Mn** 13,770 2,160 
—Mn**, +0.5 wmol Mg** 8,480 60 
—Mn**, +2.5 umol Mg** 6,950 0 





* The 35-55% ammonium sulfate fractions were dialyzed at 4° 
against 10 mM EDTA-5 mM TES at pH 7.4 (4 hr) followed by 
dialysis against 5 mM TES at pH 7.4 (overnight). 

t Complete incubation mixture contained the following compo- 
nents in a final volume of 45 ul: 2’-FL (0.09 wmol); TES, pH 7.4 
(1.25 wmol); MnSO, (0.5 wmol); UDP- [1-"C]GalN Ac (0.01 umol, 
2 X 10° cpm); and ammonium sulfate fraction of serum (15 wl and 
20 ul). The pH of the incubation mixture was 7.2. 


Enzyme Assay. Conditions for glycosyltransferase assay 
are given in Tables 1 and 3. After incubation at 37° for 3 hr, 
the reaction was stopped by addition of 0.25 M EDTA-2% 
sodium tetraborate (20 ul). Aliquots (50 ul) of the resulting 
solution were subjected to high voltage (3000 V) electro- 
phoresis in 1% sodium tetraborate (pH 9) on Whatman 3 MM 
paper for 40 min, in order to remove excess radioactive nu- 
cleotide—-sugar from the origin. After drying, the papers were 
washed overnight by descending chromatography with 80% 
ethanol, to remove any free radioactive GalNAc from the 
origin. Oligosaccharide products moved 2-3 inches from the 
origin, and were measured by subjection of appropriate areas 
of the paper to liquid scintillation counting (26). 

All assays were performed with and without exogenous ac- 
ceptor. The endogenous acceptor activity was found to be 
proportional to enzyme volume and was the same for both A; 
and A» serum (100-250 epm/10 ul of the 35-55% ammonium 
sulfate fraction, per 3 hr). The endogenous acceptor activity 
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was always subtracted from the values obtained with exog- 
enous acceptor. 

In competition studies of LNF-I and 2’-F L for enzyme, in- 
cubations were at 37° for 5 hr, with LNF-I and 2’-FL sepa- 
rately, and with both acceptors together in the same incuba- 
tion mixture. The reaction was stopped by freezing (no 
EDTA-tetraborate solution was added). The entire sample 
was subjected to high voltage electrophoresis in pyridine 
acetate at pH 6.5 (31) on Whatman 3 MM paper. The papers 
were dried, and the origins were removed and sewn onto 
another sheet of Whatman 3 MM paper, for descending 
chromatography in solvent system I for 72 hr. The products 
of the enzyme reaction were located with the radioscanner 
and measured in a liquid scintillation counter (26). 


Product Identification. The following mixtures were pre- 
pared in final volumes of 0.40 ml: 

(a) LNF-I (0.37 ywmol); MES(2-[N-morpholino]ethanesul- 
fonate), pH 5.5 (12.5 wmol); MnSO, (5 wmol); UDP- 
[7-'4C ]|GalNAc (10° cpm, 0.05 wmol); 35-55% ammonium 
sulfate fraction of serum from an A!0 donor (0.2 ml). 
Same as (a) but LNF-I replaced by 2’-F L (0.45 umol). 
LNF-I (0.37 wmol); piperazine-N ,N’-bis(2-ethanesul- 
fonate), pH 7.0 (12.5 wmol); MnSO, (5 wmol); UDP- 
[1-'4C ]GalNAc (10° epm, 0.05 umol) ; 35-55% ammonium 
sulfate fraction of serum from an A: donor (0.25 ml). 

(d) Same as (c) but LNF-I replaced by 2’-F L (0.45 umol). 

The mixtures were incubated at 37° for 16 hr. Salt was re- 
moved by passage through small columns (Pasteur pipets 
with glass wool plugs) of AG 1-X2, 100-200 mesh, in bicar- 
bonate form, followed by passage through Dowex 50W-X8, 
100-200 rmesh, in hydrogen-ion form. The effluents were ad- 
justed to 70% ethanol and centrifuged (12,000 X g for 20 
min). The supernatants were flash-evaporated at 37°, recon- 
stituted in 0.4 ml of 70% ethanol, and subjected to descending 
chromatography in solvent system I on Whatman 3 MM paper 
for 5 days. 

Only one radioactive peak was detected on each paper; 
each peak was eluted by descending chromatography with 
water for 2 days, and the eluates were flash-evaporated at 
37° and reconstituted in 0.5 ml of water. The yields of radio- 
active material were as follows: (a) 1.2 X 10° epm; (6) 1.9 X 
10° cpm; (c) 0.2 K 10° epm; (d) 0.6 X 10° cpm. 50-ul Aliquots 
of the solutions were subjected to descending chromatography 


TABLE 2. Michaelis constants for the oligosaccharide acceptors of N-acetyl-p-galactosamine 





A; serum fraction* 


A; serum fraction* 








pH Donor Genotype 


Donor A 2’-FL 





7.2 C.Ti A'0 
(TES) D.Cr A'0 
L.Cr A'0 
W.Pr A'B 
5.8 C.Ti A'0 
(MES) L.Ae A'B 


C.Hu 
T.Bo 
L.Cu 
C.Me 


C.Hu 





* 35-55% ammonium sulfate fractions, assayed as described in Methods. 


t Genotype not determined. 


¢ The enzyme activity at pH 5.8 (MES) was too low to permit accurate determination of the Michaelis constants. 
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TABLE 3. N-acetyl-p-galactosaminyltransferase activity in 
enzyme mixtures 





Enzyme activity* (epm/3 hr) 





Enzyme 


preparation (ul) a an Glycyl- 
; aaedains TES MES glycine 


pH 5.8 pH 5.6 
5730 5610 
10 950 370 380 
10 10 5100 6220 6360 





* Incubation mixtures contained the following components in a 
final volume of 45 wl: LNF-1 (0.07 wmol); MnSO, (0.5 ywmol); 
UDP-(1-"C )GalN Ac (0.01 wmol, 2 X 10° cpm); buffer (1.25 wmol); 
and enzyme preparation (35-55 ammonium sulfate fractions, 
from serum of A'O and A; donors). 


in solvent systems I, II, and III on Whatman 1 paper for 72 
hr. Other aliquots (0.2 ml) were hydrolyzed with 1 N HCl 
at 100° for 1 hr; acid was removed by flash-evaporation 
at 37°, and the hydrolyzates were subjected to descending 
chromatography in solvent system I on Whatman 1 paper 
for 24 hr. Other aliquots (10 ul) of the radioactive products 
were incubated at 37° for 3 hr with 1.25 umol of TES (pH 7.4), 
0.5 umol of MnSO,, and 5, 10, and 20 ul of the 35-55% am- 
monium sulfate fractions of A; and A» serum in a final volume 
of 45 ul. The incubations were subjected to the standard assay 
procedure for the determination of radioactive product. 


Protein was measured by the method of Lowry et al. (32) 
with bovine-serum albumin as standard. 


RESULTS 


Properties of Enzyme Preparation. The distribution of 
enzyme activity in ammonium sulfate fractions was similar 
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for both A; and Ag» sera, namely, 0-35% fraction: 10-15% 
activity; 35-55% fraction: over 80% activity; supernatant 
from 55% ammonium sulfate fraction: no activity. The total 
recovery of A! enzyme after ammonium sulfate fractionation 
of A; serum was about 50%; recovery could not be accurately 
estimated for A? enzyme because the rate of product forma- 
tion when whole A: serum is used is not proportional to serum 
volume (20), and the amount of enzyme in whole A» serum 
cannot therefore be accurately measured. 

The 35-55% ammonium sulfate fractions were stable during 
storage at —20° or —70° for at least a week. As reported (20), 
the enzymes required an exogenous acceptor and Mn**. 
With the 35-55% ammonium sulfate fractions from both 
A, and A: sera, the rate of product formation was proportional 
to enzyme volume up to 20 ul (Fig. 1), and was constant with 
time for at least 5 hr at 37°. 


Qualitative Differences Between A! and A? Glycosyltrans- 
ferases. Table 1 shows that the transferases differ in their 
cation requirements. Thus, when Mg is substituted for 
Mn**, the A! transferase shows appreciable activity with 
2’-F L but the A? transferase is inactive. Fig. 2 shows that the 
A' transferase has a pH optimum of about 5.6, while the A? 
transferase has a broad pH optimum between 7 and 8. When 
Michaelis constants (K,,) were determined at pH 7.2 for 
several A! and A* enzyme preparations, the A,, values for 
the A! enzyme were an order of magnitude smaller than those 
for the A? enzyme, with either LNF-I or 2’-FL as acceptor 
(Table 2). At pH 5.8, the activity of the A? enzyme prepara- 
tion was too low to permit accurate determination of K», 
values. There was no consistent difference between A‘! and 
A? enzyme preparations in the K,, values for UDP-GalNAc 
(average values were 0.06 mM with LNF-I and 0.09 mM with 
2’-FL). 


++ 


Mixing Experiments. Table 3 shows that the A! N-acetyl-p- 


TABLE 4. Competition studies 





Acceptor concentration 


Transferase activity* 
(mM) (cpm/mg of protein per 5 hr) 


Calculated activityt 
(cpm/mg of protein per 5 hr) 








Enzyme 
source LNF-1 2’-FL 





Product I 


Product II Product I Product II 





D.Cr (A10) 


L.Cu (A%0)t 


C.Hu (A:) 


9.3 
9.3 


250 
15,000 
10,700 
10,900 

130 

3, 260 
3,000 
2,920 

0 
9,380 
6,850 
6,810 6, 100 5,000 


13,600 





* Ammonium sulfate fractions of A; and A; serum were assayed at pH 7.2 (TES) with LNF-1 or 2’-FL alone, and with both LNF-1 and 
2’-FL together in the same incubation mixture (see Methods). Product I is the hexaose formed with LNF-1 as acceptor, and Product II 


is the tetraose formed with 2’-F L as acceptor. 


t Calculated on the assumption that both LNF-! and 2’-FL compete for a single enzyme; the following formulas were used (33): Rate of 
incorporation into Product I = V:(S:/Ki)/(1 + 8:/Ki + 82/K2); rate of incorporation into Product II = V2(S./K2)/(1 + S,/Ki + 8:/Ke), 
where V,S:,K;, and V2,S2,Ke are, respectively: the maximum velocity, substrate concentration, and Michaelis constant for LNF-1 and 
2’-FL. The values of K, and K; are listed in Table 2. The values of V; and V2 are, respectively: 25,100 and 16,800 for D.Cr; 9,560 and 


14,500 for L.Cu; and 12,900 and 17,100 for C.Hu. 


t For the A? transferase, competition was not appreciable at acceptor concentrations that were effective for the A! transferase; however, 
with a 5-fold increase in acceptor concentrations, competition was readily demonstrated (see C. Hu). 
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galactosaminyltransferase activity was not affected by the 
presence of the A? enzyme. Similar results were obtained in 
mixing experiments with whole serum. 


Competition Experiments. Competition between LNF-I 
and 2’-FL for serum N-acetyl-p-galactosaminyltransferase 
was assessed by comparision of enzyme activity when either 
LNF-I or 2’-FL was present alone, with activity when both 
acceptors were present in the incubation mixture. Table 4 
shows that, with either the A! or A? enzyme preparation, 
LNF-I and 2’-F L compete for the same transferase. 


Product Identification. When the products of four incuba- 
tion mixtures (see \Wethods) were compared, each product 
showed a single radioactive peak after chromatography in 
three different solvent systems. Table 5 shows the Riactose 
value of each product. The mobility of each product was al- 
ways slightly slower than that of the corresponding oligosac- 
charide substrate, a fact consistent with the hypothesis that 
the product is a larger oligosaccharide than its corresponding 
substrate (2). Furthermore, when acid hydrolyzates of the 
four products were chromatographed (see .Wethods), in every 
instance radioscanning detected only a single radioactive 
peak that cochromatographed with galactosamine and was 
well separated from glucosamine, galactose, glucose, mannose, 
and fucose. These findings, and the fact that the glycosyl- 
transferase is present only in the serum of subjects with an 
A gene, indicate that the products of the reactions of the 
serum enzymes with LNF-I and 2’-FL are identical, re- 
spectively, to the hexaose and tetraose products obtained 
by Kobata and Ginsburg (2) using group A human milk as a 
source of N-acetyl-p-galactosaminyltransferase. Treatment 
of either product with A! or A? enzyme preparation under the 
conditions for transferase assay resulted in 88-95% recovery 
of undegraded product. 

DISCUSSION 
The above evidence indicates that serum N-acetyl-p-galac- 
tosaminyltransferases produced by the A! and A? genes are 
qualitatively different enzymes. The differences are: (¢) 
Cation requirements: Mg** can replace Mn** in assays 





4 

Enzyme Volume (1!) ; 
Fic. 1. The effect of enzyme volume on the activity of serum 
N-acetyl-p-galactosaminyltransferase. Ammonium sulfate frac- 
tions of A, and A; serum were assayed as described in Methods 


and Table 1. 











Enzyme Activity (cpm X 10~3/mg per 3 hr) 














Fig. 2. The effect of pH on the activity of serum \-acetyl-p- 
galactosaminyltransferase. Ammonium sulfate fractions of A; and 
A; serum were assayed at several different pH values as described 
in Methods and Table 1. The following buffers were used: glycyl- 
glycine, @ ®: MES, a A; piperazine-N ,N '-bis(2-ethane- 
sulfonate), < x ; TES, O——O; glycine, 8 8. The pH val- 
ues refer to the incubation mixtures and not to the stock buffer 


solutions. 


for the A! transferase, but not for the A? transferase. (i7) pH: 
the A! enzyme has a lower and narrower pH optimum than 
the A? enzyme. (iii) K,,: the A' enzyme has an appreciably 
lower K,, value than the A? enzyme, with either LNF-I or 
2’-F L. 

Since these studies were performed with only partially 
purified enzyme preparations, two explanations are possible: 
(a) the A' and A? genes each code for a different N-acetyl-p- 
galactosaminyltransferase, or (b) the A! and A? genes produce 
the same transferase, but either A; or A, subjects produce a 
modifier that alters the behavior of this transferase. The 


TaBLe 5. Chromatographic mobilities of enzyme products 





Riactose Valuest 


Solvent Solvent Solvent 
system I system II system III 


Compound* 


LNF-1 0.29 0.16 0.13 
Product I with A! enzyme 0.22 09 07 
Product I with A* enzyme 0.24 09 09 
2’-FL 77 74 74 
Product II with A' enzyme 27 43 
Product II with A? enzyme 5: 41 42 





* Radioactive products were prepared as described in Methods. 
Product I was obtained with LNF-1 as acceptor, and Product I 
was obtained with 2’-FL as acceptor. 

+t Conditions of descending chromatography are described in 
Methods. The mobility of lactose was: system I, 40.1 em; system 
II, 11.0 em; and system ITI, 28.9 em. 
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mixing experiments shown in Table 3 appear to exclude the 
presence of such a modifier. Further, there was no destruction 
of product by either A! or A? enzyme preparation, indicating 
the absence in these preparations of N-acetyl-p-galactos- 
aminidase activity. 

Kobata and Ginsburg (2) have reported that there were no 
apparent differences between the A! and A? transferases 
purified from human milk. In preliminary experiments with 
ammonium sulfate fractions, we have found that the enzyme 
preparations from milk of A; and A» donors differ in their 
K,, values and pH optima. 

It has been suggested (34) that the structural basis for 
the difference between the A; and A» antigens depends on 
whether the A determinant, N-acetyl-p-galactosamine, is 
linked to a Type 1 oligosaccharide side chain [galactosyl-(8, 
1—3)-N-acetylglucosamine] or to a Type 2 chain [galactosyl- 
(8,1—4)-N-acétylglucosamine]. The A; antigen is believed 
to contain GalNAc linked to both Type 1 and Type 2 chains 
on a single branched molecule, whereas the A» antigen may 
contain GalNAc linked only to Type 2: chains. However, it 
has been shown in our experiments, and by others (35, 36), 
that the A? N-acetyl-p-galactosaminyltransferase acts on 
both LNF-I (a Type 1 chain analogue) and 2’-FL (a Type 2 
chain analogue). Our competition studies show that both of 
these oligosaccharide acceptors compete for the same enzyme 
sites. However, the N-acetyl-p-galactosaminyltransferases 
may not show the same specificity towards the macromolec- 
ular H substance as they do towards these oligosaccharide 
analogues. 
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ABSTRACT Concentrations of double-stranded RNA 
above about 0.1 ug/ml inhibit translation of encephalo- 
myocarditis viral RNA and mouse globin messenger RNA 
in extracts of Krebs II ascites cells. Protein synthesis 
initially proceeds at the control rate, then abruptly shuts 
off in a manner similar to that observed in reticulocyte 
lysates [Hunt, T. & Ehrenfeld, E. (1971) Nature New Biol. 
230, 91-94]. Substantially higher concentrations of double- 
stranded RNA are required to give this effect in ascites 
extracts. 

Subcellular fractions of Krebs II ascites cells contain a 
nucleolytic activity capable of digesting several natural 
and synthetic double-stranded RNAs. This nuclease is 
most active under conditions of protein synthesis, and 
part of the activity remains associated with ribosomes 
upon sedimentation. It is probably because of digestion of 
double-stranded RNA by this nuclease that higher con- 
centrations of double-stranded RNA are required for in- 
hibition of protein synthesis in Krehs cell extracts than in 
reticulocyte lysates. 





Double-stranded RNA (dsRNA) is involved in several 
biological processes in animal cells. In particular, dsRNA 
induces the production of interferon (1-3), can cause tumor 
regression (4, 5), and has been implicated in the shut-off of 
protein synthesis in cells infected with poliovirus (6, 7). 
Several recent reports have demonstrated the binding and 
uptake of dsRNA by cells in tissue culture (8, 9), and dsRNA 
has been found in normal rat liver (10) and in nuclei of sea 
urchin embryos (11). 

One of the most striking effects of dsRNA is the ability of 
very small amounts to inhibit the initiation of globin synthesis 
in reticulocyte lysates (6, 7, 12, 13). Another cell-free extract 
that can translate various mammalian mRNAs faithfully is 
that prepared from Krebs II ascites cells (14). This system has 
the advantage that it can translate efficiently exogenous RNA 
of both viral and cellular origin (15). We report here the effect 
of dsRNA on the translation of encephalomyocarditis 
(EMC) viral RNA and mouse globin mRNA in Krebs cell 
extracts. Our results demonstrate that protein synthesis is 
inhibited by dsRNA in a manner qualitatively similar to that 
reported for globin synthesis in extracts of rabbit reticulocytes 
(6, 7, 12), but that substantially higher concentrations of 
dsRNA are required. During these investigations, we detected 


Abbreviations: dsRNA, double-stranded RNA; ssRNA, single- 
stranded RNA; EMC, encephalomyocarditis virus. 

* Present Address: The Rockefeller University, New York, 
N.Y. 10021. 
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a nuclease in extracts of ascites cells that digests dsRNA, and 
we believe that such an activity accounts for the lower sen- 
sitivity of this extract to dsRNA. 


MATERIALS AND METHODS 


Procedures for handling Krebs II ascites cells and S-30 
extracts for protein synthesis have been described (15, 16). 
Protein synthesis reactions contained, in 25 ul, 7.5 ul of 
incubated S-30 extracts, 2.5 mM Mg**, and 0.1 M KCl. 
['4C ]Phenylalanine or [!*C Jaminoacid mixture (475 Ci/mol and 
45 Ci/atom, respectively) were obtained from the Radio- 
chemical Centre, Amersham, England; other components of 
the reactions were as specified (15, 16). EMC viral RNA was 
prepared as before (15), mouse globin mRNA was a gift from 
Dr. J. B. Lingrel, College of Medicine, Cincinnati, Ohio, and 
[2 single-stranded (ss)RNA was prepared from f2 bacterio- 
phage. S-30 extracts were fractionated into ribosomes and 
S-150 supernatant by centrifugation at 48,000 rpm for 2.5 hr 
in a 5OTi rotor in a Beckman ultracentrifuge. 

The dsRNAs tested as inhibitors of protein synthesis were 
obtained as follows: reovirus RNA was the gift of Dr. R. T. 
Hunt, Cambridge University; dsRNA from a virus of Penicil- 
lium chrysogenum was the gift of Dr. D. Planterose, Beecham 
Research Laboratories, Betchworth, Surrey, England; phage 
f2 replicative ensemble, the derivative of the replicating com- 
plex from phage f2-infected cells that contains dsRNA, was 
prepared and purified as described (17). The preparation used 
here was badly degraded after several years of storage at 
4°, and contained dsRNA fragments no larger than 8S, rather 
than the original 14S or greater dsRNA. 

dsRNAs tested as substrates for nuclease activities were 
prepared as follows: the homopolymer pair poly(G-C) con- 
taining [7H]GMP (1.8 X 10° dpm/ug) was synthesized as 
before (18) by use of poly(C) and Escherichia coli RNA 
polymerase, kindly provided by Dr. J. Roberts of this labora- 
tory. **P-labeled phage f2 dsRNA and ssRNA were prepared 


and purified from phage-infected cells as described (19), and 
were used at a specific activity of 3 to 6 K 10° dpm/ug. **P- 
labeled phage fl ssRNA and dsRNA (specific activity about 
1 X 10° cpm/yg) were synthesized in vitro with [**P)|CTP 
(The Radiochemical Centre, Amersham), and purified as 


described (20). 

E. coli ribonuclease IIT (21, 18) was purified (18) from strain 
MRE 600 with several modifications of the earlier procedure 
(Robertson, H. D. & Hunter, A. R., in preparation). The 
enzyme had an activity of about 5000 units/ml, where one 
unit solubilizes 1 nmol of poly(AU) nucleotides/hr (18). 
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Fig. 1. (a) Effect of different concentrations of dsRNA on 
rate of protein synthesis. 10-u4l Samples were removed from 75- 
ul protein synthesis reactions containing 25 yg/ml of EMC 
RNA (see Methods) for determination of incorporation into hot 
Cl;CCOOH-insoluble material. Control, (O——O); with 0.17 
(o——o), with 0.4 (a——s), or with 1 (e——e) ug/ml! of 
dsRNA from P. chrysogenum; without EMC RNA (A A). 
(b) Abolition of inhibitory activity of dsRNA by prior incuba- 
tion with RNase III. dsRNA from P. chrysogenum (2 yl of an 
880 ug/ml solution) was incubated for 90 min at 37° with 10 ul of 
RNase III or TM buffer, then for a further 90 min after addition 
of another 10 ul of RNase III or TM buffer. The incubated 
dsRNA was diluted 1:40 with water and 9 ul was added to 75 ul 
of protein synthesis reactions, which were assayed as in Fig. la. 
Control (O——0); with dsRNA from P. chrysogenum incubated in 
TM buffer, (o——0O); with dsRNA from P. chrysogenum in- 
cubated with RNase III, (@——®); with an identical amount of 
fresh RNase III, (@ @); with no EMC RNA, (A A). 


Digestion of dsRNA in ascites subcellular fractions was 
assayed in a volume of 0.1 ml; the assay mixture contained 
75 ul of TM buffer [0.02 M Tris-HCl (pH 7.6)-0.01 M mag- 
nesium acetate—0.2 M NH,Cl-5% sucrose]. Incuhations were 
at 37°, and samples were withdrawn periodically for deter- 
mination of cold 5% Cl;CCOOH-precipitable radioactivity 
(18). When reaction mixtures contained a substantial propor- 
tion of an ascites subcellular fraction in the salts of medium K 
[25 mM Tris: HCl-(pH 7.5)-125 mM KCl-5 mM magnesium 
acetate-6 mM 2-mercaptoethanol] (15), control incubations 
were performed with an equal amount of these salts. 


RESULTS 
dsRNA and protein synthesis 


The effect of added dsRNA on the rate of EMC RNA transla- 
tion by the ascites cell-free system is shown in Fig. la. The 
inhibition is similar to that observed in the reticulocyte 
system (6, 7, 12): after a period during which protein synthesis 
proceeds at the control rate, there is an abrupt and almost 
complete cessation of protein synthesis. This shutoff occurs at 
about 30 min with 0.17 ug/ml of dsRNA, and somewhat earlier 
(at about 20 min) with higher concentrations (0.4 ug/ml). A 
further increase in the concentration of dsRNA did not bring 
about any decrease in the time required to block incorpora- 
tion. 

Fig. 16 shows that prior incubation of the inhibitory 
dsRNA with RNase III, an Z. coli nuclease specific for dsRNA 
(21, 18), abolished its action on protein synthesis. It is also 
apparent that RNase III itself has only a slight effect on 
protein synthesis at this concentration, though higher 
activities of this nuclease are highly inhibitory (data not 
shown). 

The effects of various concentrations of dsRNA on transla- 
tion in the ascites system were also examined. Fig. 26 shows 
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that phage f2 dsRNA inhibited the translation of EMC viral 
RNA by up to 75%. It is evident that about 1-10 ug/ml of 
partially degraded f2 dsRNA is required to obtain inhibition of 
EMC translation under these conditions. Using P. chryso- 
genum and reovirus dsRNAs, which are much larger than the 
f2 dsRNA fragments, we found that substantially lower 
concentrations (about 0.05-0.1 ug/ml) are sufficient to inhibit 
translation (Fig. 2a, e, f). In no case have we found inhibition 
by any dsRNA at a concentration lower than 0.02 ug/ml in the 
ascites system. This result contrasts with the findings of 
Hunter et al. (12), who detected inhibition with concentrations 
of dsRNA below 0.5 ng/ml in reticulocyte lysates. 

It is evident (Fig. 2a) that a certain proportion of the 
incorporation in the ascites system is resistant to inhibition, 
even at high dsRNA concentrations. Furthermore, the highest 
dsRNA concentrations tested did not relieve this inhibition, in 
contrast to the results obtained with rabbit reticulocyte 
lysates (7, 12). Fig. 2 also shows that the endogenous in- 
corporation of this system is inhibited by dsRNA. Comparable 
concentrations of ssRNA from phage f2 do not inhibit 
translation in this system (Fig. 2c). In fact, a small stimulation 
is reproducibly obtained at high concentrations of f2 RNA, 
both in the presence and in the absence of added mammalian 
mRNA. Preliminary indications suggest that this stimulation 
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Fic. 2. Effect of several types of dsRNA on translation of 
various mRNAs. 25-ul reaction mixtures containing ['*C]- 
phenylalanine (a-d) or ['*C]aminoacid mixture (e, f) were incu- 
bated for 60 min. The Mg*+* concentration was raised to 5 mM 
in (d). Messenger RNAs that were present in reactions denoted 
by (e——e) or (@——-B), were added at the following concentra- 
tions: EMC RNA, 20 ug/ml; mouse globin mRNA, 20 ug/ml; 
poly(U), 100 ug/ml; reactions with no added mRNA, (O——-O). 
In each case, the potential inhibitory nucleic acid (indicated in 
the upper right-hand corner of each panel) was present in the 
concentrations indicated in the abscissa (note log scales in a-d, 
linear scales in e and f). The ordinate scales refer to the incorpora- 
tion of *C into hot Cl,CCOOH-insoluble material. PC, P. chry- 
genum; Hb, hemoglobin; Reo, reovirus. 
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is the result of low levels of translation of the f2 RNA under 
these conditions. 

Fig. 2f shows that translation of globin mRNA and EMC 
RNA were inhibited in a similar manner. To discover whether 
the inhibitory action of dsRNA extends to the incorporation 
directed by synthetic polynucleotide messengers that lack an 
initiator codon, we used poly(U). This messenger requires a 
somewhat higher Mg** concentration for optimal translation. 
Fig. 2d shows that under these conditions protein synthesis 
was markedly less sensitive to dsRNA. 


A nuclease that digests dsRNA in ascites cell extracts 


One way to explain the lower sensitivity of the ascites extract 
to dsRNA relative to the reticulocyte lysate would be to 
postulate the existence in the ascites extract of a nuclease 
capable of degrading dsRNA. Hunter et al. (12) have already 
reported the absence of such an activity from reticulocyte 
extracts. In contrast, the ascites 8-30 fraction solubilizes the 
dsRNA purified from £. coli infected with bacteriophage f2 
(Fig. 3.) 

Using the substrate poly(G-C), we assayed a series of frac- 
tions obtained during the preparation of S-30 from ascitic 
fluid. Table 1 shows that no activity occurs in the ascitic fluid 
itself or in the final wash of the cells before lysis. This result is 
important, since Stern (22) has reported the existence in 
animal sera of a nuclease capable of digesting poly(I-C). Ac- 
tivity against poly(G-C) is observed after homogenization of 
the ascites cells, and much of this activity remains in the 
8-30 supernatant. A similar pattern of intracellular localiza- 
tion was obtained for EZ. coli RNase III (18). 

Having established that we are dealing with an intracellular 
activity, we investigated its properties in S-30 extracts in more 
detail. An extract was separated into ribosomal and 8-150 
fractions, as described in Methods, and activity against equal 
amounts of phage f1 dsRNA or ssRNA of identical specific 
activity was measured. In the S-30 fraction, 72% of the 
dsRNA or 35% of the ssRNA was solubilized in 24 min, and a 
similar 100% difference in rate was observed with the S-150 
supernatant fraction. However, with resuspended ribosomes, 
70% of the dsRNA, but only 12% of the ssRNA, was solubi- 
lized in this interval. Similar results were obtained with 
ssRNA or dsRNA prepared from phage f2. In each case, 
solubilization of dsRNA is inhibited by 50 mM EDTA. These 
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x2 
Aa 
Fic. 3. Digestion of f2 dsRNA by ascites S-30 extracts. 

*2P-Labeled f2 dsRNA was prepared as described in Methods. 
Each assay included, in a volume of 100 wl: 70 ng of f2 dsRNA 
(about 20,000 cpm); 25 ul of ascites S-30 or medium K; and 75 
ul of TM buffer. 20-4] Samples were withdrawn at the times indi- 
cated for determination of cold Cl,;CCOOH-precipitable radio- 
activity. Control incubation, with no added nuclease, (O——-O); 
reaction containing 10 units of E. coli RNase III, (@——®); 
reaction containing 25 ul of ascites S-30, (A——A). 


Inhibition of Protein Synthesis 


TABLE 1. Digestion of dsRNA by ascites-cell fractions 





pmol of poly(G-C) 
digested 


Additions 


None 0 
Media RS and K 0 
RNase III 16.4 
RNase III + media RS and K 14.6 
Ascitic fluid 0 
Supernatant from eighth wash of 

ascites cells 0 
Ascites cell homogenate 24.6 
30,000 X g pellet 20.3 


99 


30,000 X g supernatant (S-30) 22.1 





The dsRNA substrate, poly(G-C), is described in Methods 
Ascites cells were washed by repeated sedimentation and suspen- 
sion in medium RS (5.2 mM KC1-130 mM NaCl-7.4 mM MeCl,) 
and were homogenized and fractionated as described (15). All 
samples were adjusted to equal volumes before assay. Reactions 
contained in 50 wl: 10 ng (30 pmol) of poly((*H]G-C), and 5 ul 
of a buffer containing 0.5 M Tris-HCl (pH 7.6)-0.20 M mag- 
nesium acetate-1.0 M NH,Cl-40°% sucrose. Additions were as 
follows: Medium RS and medium K, 5 ul each; EZ. coli RNase 
III, 0.2 unit in 10 wl of TM buffer; ascites cellular fractions, 10 ul 
each. Incubation was at 37° for 30 min, and digestion was assayed 
as described in Methods. 


results suggest that a nuclease with preference for dsRNA is 
located in the cytoplasm of ascites tumor cells, perhaps in 
association with ribosomes. 


Effects of prior incubation with dsRNA 


Hunter e¢ al. (12) showed that prior incubation of dsRNA with 
reticulocyte lysates resulted in a potentiation of the inhibitory 
effect. It might have been anticipated that observation of this 
phenomenon in the ascites extract would be obstructed by the 
nuclease described above. However, as shown in Table 2, prior 
incubation of the ascites 8-30 fraction together with dsRNA 
indeed led to an increase in the inhibitory action. Addition of 
dsRNA at the same time as the mRNA inhibited protein 
synthesis directed by EMC RNA by about 50%, regardless of 
whether the 8-30 itself was preincubated or not. When the 
S-30 was first incubated for 5 or 15 min with an identical 


TABLE 2. Effect of prior incubation with 
dsRNA on protein synthesis 





[*4C] Phe incorporation 
(cpm X 107-*) 


Prior incubation (min) 


dsRNA addition 0 5 15 


— 15.2 
After incubation 7 
Before incubation 8.5 
Both 4 





The components of 25 yl of protein-synthesis reactions were 
incubated for the times shown in a volume of 17.5 wl. dsRNA 
from P. chrysogenum (2.5 ng) was added before or after this 
incubation, or at both times. EMC RNA (30 ug/ml) was then 
added, the volume was adjusted to 25 wl, and the reaction mix- 
tures were further incubated for 60 min at 37°. 
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amount of dsRNA, the inhibition of EMC RNA translation 
increased to 85-90%. Addition of more dsRNA to an extract 
that had been incubated with dsRNA produced no further 
inhibition. This result suggests that the plateau level cor- 
responding to the maximal inhibition is rapidly obtained with 
lower dsRNA concentrations as a consequence of prior 
incubation. 

This potentiation was observed with prior incubation times 
as short as 1 min, or as long as 40 min. This result suggests 
that dsRNA rapidly binds to some component of the protein 
synthetic machinery, and that this interaction protects the 
bound portion of the inhibitor from the action of the dsRNA- 
digesting nuclease. A similar situation was created artificially 
in the reticulocyte lysate when EF. coli RNase III was added 
after incubation of the system with radioactive dsRNA 
(H. D. Robertson, R. J. Jackson, R. T. Hunt, and A. R. 
Hunter, unpublished experiments). Under these conditions, 
the nuclease solubilized up to 90% of the dsRNA without 
reversing the increased inhibitory effect. 


DISCUSSION 


Effect of dsRNA on protein synthesis in 

ascites and reticulocyte cell-free extracts 

We have shown that dsRNA inhibits the translation of two 
natural mRNAs in an ascites cell-free system. This effect 
resembles that previously observed in reticulocyte lysates 
(6, 7, 12) in the following respects: (a) the rate of protein 
synthesis in the presence of dsRNA shows a sharp cutoff after 
an initial period of synthesis at the control rate (Fig. la). (6) 
Translation of poly(U) is inhibited to a much smaller extent 
than that of natural mRNA (Fig. 2d). (c) Single-stranded 
RNA does not inhibit the ascites system (Fig. 2c). (d) Prior 
incubation of an ascites 8-30 fraction with dsRNA potentiates 
the inhibitory activity of dsRNA (Table 2). (e) At no tested 
concentration of dsRNA is the inhibition of translation in the 
ascites extract complete (Fig. 2). Therefore, this sort of inhibi- 
tion by dsRNA may be a general property of numerous cell 
types. 

In contrast to these similarities in the response to dsRNA 
of the ascites and reticulocyte extracts, there are several 
differences: (a) Whereas high concentrations of dsRNA (over 
10 ug/ml) do not inhibit translation in reticulocyte lysates 
(7, 12), dsRNA concentrations up to 100 ug/ml do not relieve 
inhibition in the ascites system. It is, of course, still possible 
that even higher dsRNA concentrations might have this effect. 
(6) The proportion of ascites translation that is resistant to 
dsRNA inhibition (Fig. 2) is significantly higher than that 
reported for reticulocyte lysates (12). This finding is also 
reflected by the absence of a progressively earlier shutoff of 
incorporation in the ascites system as the concentration of 
dsRNA is raised above a certain limit (Fig. la). Moreover, a 
significant proportion of ascites translation continues to be 
resistant to inhibition even after prior incubation with dsRNA 
(Table 2), whereas such treatment of reticulocyte lysates 
virtually abolishes their activity (12). (c) The minimum 
dsRNA concentration at which inhibition can be observed in 
the ascites system is at least 40-fold higher than that observed 
with reticulocyte extracts (12). Furthermore, the ascites 
system displays a greater sensitivity to large dsRNA molecules 
than to small fragments, while the rabbit reticulocyte system 
was almost equally sensitive to all dsRNA inhibitors used in 
these experiments (R. J. Jackson, personal communication). 
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Properties of cell-free extracts that could account 

for different effects of dsRNA 

These differences could be explained in several ways, especially 
as the reticulocyte is a differentiated cell that synthesizes a 
small number of proteins, whereas the ascites cell is a tumor 
cell that makes numerous proteins. Moreover, the incubated 
ascites S-30 fraction is largely dependent upon added mRNA 
(15, 16), whereas the reticulocyte system efficiently reinitiates 
translation of its endogenous mRNA (23). Several of our 
observations suggest that the explanation for the higher 
dsRNA concentrations required to inhibit the ascites system 
is the dsRNA-digesting nuclease present in ascites extracts. 
First, ascites S-30 fractions can solubilize dsRNA at a con- 
centration of up to 0.1 ug/ml under conditions of protein 
synthesis; this is also the dsRNA concentration below which 
little inhibition of protein synthesis is observed. Second, this 
explanation is also consistent with the fact that large dsRNA 
molecules inhibit the ascites system (but not the reticulocyte 
system) better than small ones (see Fig. 2a and 6). Finally, in 
an experiment performed in collaboration with Dr. R. J. 
Jackson, Cambridge University, we found that prior incuba- 
tion of dsRNA from P. chrysogenum (0.2-1 ug/ml) with ascites 
cell S-30 diminished by over 80% the ability of that dsRNA 
to inhibit the more sensitive reticulocyte system. 


Digestion of dsRNA by a nuclease in ascites extracts 


The experiments in Fig. 3 and Table 1 establish the presence of 
a nucleolytic activity capable of digesting dsRNA in ascites 
extracts. There have been several earlier reports of enzymes 
that use helical RNA as substrate. Activities in FE. coli RNase 
III cleave large, regular helical RNA molecules (in either 
dsRNA (21, 18) or DNA:RNA hybrids (24, 20), reducing 
them to sizes between 10 and 20 base-pairs (ref. 25 and 
H. D. R., unpublished observations). In eukaryotic systems, in 
addition to the activity against dsRNA in serum (22), an 
activity that digests dsRNA in a frog virus has been reported 
(26). Also, there have been several reports of enzymes, termed 
RNase H, that digest the RNA of DNA-RNA hybrids with 
high specificity (27). These enzymes are incapable of digesting 
RNA-RNA duplexes, and have been found in calf-thymus 
nuclei (27) and RNA tumor viruses (28). These earlier findings 
and our observations here demonstrate that higher cells 
contain nucleases that can metabolize both of the major types 
of helical RNA. 


Possible roles for the recognition of dsRNA in translation 
These findings may help to clarify our view of virus-induced 
shutoff of host-cell protein synthesis, and to suggest some 
properties of protein synthesis in eukaryotic cells. Our 
finding (Fig. 2f) that globin mRNA and EMC mRNA 
translation are inhibited about equally by dsRNA does not 
support the idea that dsRNA may inhibit translation of 
cellular, but not viral, mRNAs (6, 7). Thus, translation of 
EMC RNA and globin mRNA may not be initiated by 
radically different mechanisms. However, this negative result 
cannot be considered a definitive disproof of this hypothesis, 
since more subtle aspects of cellular control processes may not 
be fully effective in vitro. 

The findings reported here show that two eukaryotic cell 
extracts display a qualitatively similar response to dsRNA. In 
addition, it has been recently reported that translation of 
reovirus mRNA in extracts of mouse L cells is partially 
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inhibited by dsRNA (29). The experiment shown in Fig. 2d, in 
which translation of poly(U) is not inhibited by dsRNA, 
suggests that this inhibitory effect of dsRNA may be confined 
to the proper translation of natural mRNAs. 

Recent studies with reticulocyte lysates (13) have indicated 
that dsRNA specifically inhibited an early step in the initia- 
tion of protein synthesis. In light of the numerous similarities 
between the two systems in their response to dsRNA, it seems 
reasonable to suppose that initiation is also the step inhibited 
in the ascites system, although this has not been proved. 
Inhibition of protein synthesis by dsRNA could be due to a 
fortuitous recognition of this nucleic acid by some component 
of the translation machinery whose normal function does not 
involve recognition of, or binding to, helical RNA. On the 
other hand, it may become necessary to postulate a step in- 
volving recognition of regular helical RNA as part of the 
initiation process in higher cells. 

Hunter et al. (12) have proposed that recognition of a length 
of dsRNA by a cellular component, such as an initiation 
factor, could be necessary for translation. This helical region 
would have to be greater than about 20 base-pairs long and 
quite stable, since prior treatment of dsRNA with RNase III 
abolishes inhibition (ref. 12 and Fig. 1b). It is possible that the 
recognition of stable dsRNA in protein initiation may be one 
way in which mammalian and bacterial processes are dif- 
ferentiated. We have been unable to demonstrate any effect of 
added natural dsRNA upon the translation of phage f2 RNA 
by E. coli S-30 fractions. 

The existence of such dsRNA recognition in higher systems 
might be part of a pathway in which a nuclease of the sort 
described here could regulate the extent and rate of transla- 
tion, either by cleaving the mRNA itself or by removing 
dsRNA of nonmessenger origin. 
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ABSTRACT Two structurally distinct forms of RNA- 
directed DNA polymerase from avian myeloblastosis virus 
were resolved by chromatography on phosphocellulose 
and purified. In addition to RNA-directed DNA polymerase 
activity, both enzymes had ribonuclease H (RNase H) 
activity, which degraded the RNA moiety of RNA-DNA 
hybrids. As determined by sodium dodecyl sulfate-poly- 
acrylamide disc-gel electrophoresis, one form had two sub- 
units, alpha (a) and beta (8), with molecular weights of 
65,000 and 105,000, respectively. The other had a single 
subunit, a, with a molecular weight of 65,000. The sedi- 
mentation coefficients of a8 and a, determined by glycerol 
gradient centrifugation in 0.35 M KCl, were 7.8 S and 5.2 S, 
respectively. Both enzymes had similar antigenic deter- 
minants and could not be distinguished by a differential 
response to several different RNA and DNA templates. 
We suggest that a, which contains both RNA-directed 
DNA polymerase and RNase H activity, is derived by dis- 
sociation of a3; the function of the 8 subunit is unknown. 





The discovery of an enzyme activity closely associated with 
RNA-directed DNA polymerase from avian myeloblastosis 
virus (AMV) (1), ribonuclease H (RNase H), has provided 
stimulus for the structural identification of specific enzyme 
activities that may be involved in viral DNA synthesis. RNase 
H specifically degrades the RNA moiety of RNA-DNA hy- 
brids and is present in 10 different RNA tumor viruses (2). 

A major and a minor peak of DNA polymerase activity 
have been noted in lysates of AMV after phosphocellulose 
chromatography (3). The structure (4) and properties (3, 4) 
of only the protein with the major enzyme activity have been 
studied. In this report we present results of studies on the 
structure and catalytic properties of the proteins containing 
both enzyme activities. Our results show that both RNase H 
and DNA polymerase activity reside on a single polypeptide 
subunit. 


MATERIALS AND METHODS 


Virus Purification and Nucleic Acid Isolation. Avian 
myeloblastosis virus, BAI strain A, was purified as described 
(5) from frozen virus preparations generously supplied by 
Dr. J. W. Beard, Duke University. AMV 70S RNA (6), 
adenovirus type 2 and 7 DNA (7), and SV-40 Form 1 DNA 
(8) were isolated by published procedures. 


Preparation of RNA-DNA Hybrids. Calf-thymus [*H]- 
RNA- DNA (2 nmol/ml of RNA nucleotides, 2800 epm/pmol) 
and the synthetic homopolymer hybrid, ([*H]poly(A)- 
poly(dT) [100 uM [*H]poly(A), 10 epm/pmol; 400 uM 
poly (dT) |, were prepared as described (2). 


Abbreviations: AMV, avian myeloblastosis virus; SDS, sodium 
dodecy] sulfate. 


Enzyme Assays. Poly(A) -oligo(dT)-directed DNA poly- 
merase activity was assayed at 37° in the following reaction 
mixture (0.09 ml): 50 mM Tris-HCl (pH 8.3), 50 mM NaCl, 
3 mM dithiothreitol, 5 mM MgCh, and 0.1 mM [H|TTP 
(500 cpm/pmol) with oligo(dT),2_1s and poly(A) at 10 ug/ml 
each. AMV 70S RNA-directed DNA polymerase activity was 
assayed in a reaction mixture (0.09 ml) containing 50 mM 
Tris-HCl (pH 8.3), 504 mM NaCl, 3 mM dithiothreitol, 5 
mM MgCh, 1 mM MnCh, 0.1 mM each of dGTP, dCTP, and 
dATP, 3 uM [*H]TTP (1.6 X 104 epm/pmol), and 10 ug/ml 
of AMV 70S RNA. With calf-thymus DNA (30 ug/ml) as 
template, the reaction mixture was identical except that 
AMV 70S RNA and MnCl. were omitted. Reactions were 
terminated by addition of 10 wl of 0.2 M EDTA (pH 7.4). 
The amount of polymer product formed was determined by 
assay on Whatman DEAE-cellulose (DE-81) paper discs (9). 

The reaction mixture (0.1 ml) for assay of RNase H 
activity (1) contained 30 mM Tris-HCl (pH 7.8), 5 mM 
dithiothreitol, 100 mM (NH,)2SO,, 2 mM MnCh, and 
either calf-thymus [7H|JRNA-DNA (1 to 2 X 104 epm) or 
[H Jpoly(A)-poly(dT) (4 X 10° epm). The reaction was 
terminated after 10 min of incubation at 37° by addition of 
cold 10% trichloroacetic acid (90 ul) and calf-thymus DNA 
(30 ug) as carrier. Radioactivity of acid-soluble material in 
the supernatant was determined after centrifugation at 
12,000 X g for 15 min. 

The assay for single-stranded nuclease was identical to the 
assay for RNase H except that 3 uM [*H]poly(U) (35 epm 
pmol) was used as substrate. 


DEAE-Cellulose and Phosphocellulose Chromatography. 
These and subsequent purification steps were done at 4° 
unless otherwise specified. Just before enzyme purification, 
purified virus containing 500 mg of protein was dialyzed 
against 10% glycerol-10 mM potassium phosphate (pH 8.0)- 
2 mM dithiothreitol-0.1 mM EDTA for 2-4 hr. This buffer 
was used throughout the purification with changes in the 
glycerol and potassium phosphate concentrations as indi- 
cated. The virus suspension was adjusted to a protein con- 
centration of 1 mg/ml in the above buffer, lysed with Nonidet 
P-40 (NP-40) at a final concentration of 2%, stirred for 10 
min at 25°, and centrifuged at 12,000 X g for 8 min to re- 
move debris. Less than 1% of the total enzyme activity was 
in the pellet. The supernate was applied to a 2.5 K 25 cm 
DEAE-cellulose (Whatman DE-52) column equilibrated 
with phosphate buffer. The column was washed with three 
column volumes of phosphate buffer and developed with a 
700-ml linear gradient of 0.01-0.5 M potassium phosphate. 
The salt concentration was determined conductimetrically. 
The fractions in the single peak containing both DNA poly- 
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merase and RNase H activity were pooled; protein was 
precipitated by addition of solid ammonium sulfate to give 
60% saturation. The precipitate was collected by centrifuga- 
tion, dissolved in a minimum volume of 0.2 M potassium 
phosphate buffer, and dialyzed overnight against the same 
buffer. 

The dialyzed DEAE-cellulose eluate was diluted 10-fold 
with 10 mM phosphate buffer and adsorbed to a 1 X 25 em 
phosphocellulose (Whatman P-11) column. After a wash 
with four column volumes of phosphate buffer, the column 
was developed with a 200-ml linear gradient of 0.01-0.5 M 
potassium phosphate. The peaks of DNA polymerase activity 
were pooled and concentrated by cyclic dialysis against 50 
and 10% glycerol in 0.2 M phosphate buffer. Each cycle re- 
quired 24 hr to complete and reduced the sample volume by 
50-60%. The dialysis bag was tied after each cycle to 
maintain the reduced volume. The last dialysis was with 50% 
glycerol, and the enzyme was stored at — 20°. 


Glycerol Gradient Centrifugation. Before centrifugation the 
enzyme preparations were either diluted or dialyzed for 2 hr 
with 10% glycerol in the appropriate high and low salt 
buffers described below. Enzyme preparations purified on 
phosphocellulose were centrifuged in 4.8-ml gradients of 
20-40% glycerol containing 0.35 M KCl, 50 mM Tris-HCl 
(pH 8.0), 0.2% NP-40, 3 mM dithiothreitol, and 0.1 mM 
EDTA (high salt). In the low salt gradient, KC] was omitted. 
Centrifugation was for 24 hr at 2° at 46,000 rpm in an 
SW50.1 rotor. Fractions of 0.2 ml were collected from the 
bottom of the tubes and assayed. The peak fractions were 
pooled and concentrated by cyclic dialysis as described 
above against 0.2 M KCl-50 mM Tris-HCl (pH 8.0)-3 mM 
dithiothreitol-0.1 mM EDTA in 10 and 50% glycerol. 


Nondissociating Polyacrylamide Disc-Gel Electrophoresis. 
Nondissociating polyacrylamide gels were prepared and run 
by the procedure of Brown (10), except 4% acrylamide was 
used in the absence of calf-thymus DNA. Enzyme prepa- 
rations were diluted before electrophoresis with 0.1 M potas- 
sium phosphate (pH 7.5)-50 mM glycine-15 mM dithio- 
threitol. Gels (0.6 < 6.0 cm) were run at 10 mA per gel at 
4° for 4-8 hr. The gels were cut into 2-mm slices and eluted 
with 0.2 ml of 0.1 M potassium phosphate (pH 7.5)-10 mM 
dithiothreitol-10% glycerol. 

Gel fractions to be examined by sodium dodecyl! sulfate 
(SDS)-polyacrylamide gel electrophoresis were further 
eluted by addition of SDS to a final concentration of 1% and 
incubation overnight at 25°. The gel fragments were re- 
moved by centrifugation, and the protein in the supernatant 
was precipitated with cold 10% trichloroacetic acid. The 
precipitate was collected by centrifugation and dissolved in 
denaturing solution (see next section). After addition of 
bromophenol blue to 0.1%, the pH was adjusted to 7 by 
addition of NaOH (2 N). 


SDS-Polyacrylamide Disc-Gel Electrophoresis. SDS—poly- 
acrylamide gels were prepared and run by the procedure of 
Maizel (11). Electrophoresis was performed with 0.5 X 11 
em gels of 6% acrylamide at 8 mA per gel at 25° for 6 hr. 
Proteins were denatured for 10 min at 100° with 1% 2- 
mercaptoethanol, 1% SDS, 10 mM sodium phosphate (pH 
7.1), and 10% glycerol (denaturing solution). Gels were 
stained with 0.05% Coomassie blue in methanol-acetic acid 
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water (5:1:5, v/v) for 2 hr at 37° and were destained with 
10% methanol in 7.5% acetic acid for 48 hr. 

Enzyme Inactivation by Antibody. Gammaglobulin, purified 
from antisera prepared against purified AMV _ polymerase 
that contained two subunits with molecular weights of 
110,000 and 69,000 (4), was a gift from Drs. K. Watson and 
S. Spiegelman. Phosphocellulose peak I (0.06 ug) or peak II 
(0.03 ug) was mixed with this gammaglobulin suspended in 
10 mM Tris-HCl (pH 8.3), 5 mM MgCh, 0.15 M NaCl, 
20% glycerol, and 50 ug of bovine-serum albumin in 60 ul. 
After 5 min at 37°, DNA synthesis was initiated by addition of 
0.3 nmol of [H|JTTP (1.6 X 104 epm/pmol) and poly(A): 
oligo(dT) (1:1, 1 wg of each) to give a final volume of 100 ul. 
The amount of DNA product formed in 30 min was assayed. 

RESULTS 

Purification of AMV Enzymes by DEAE -Cellulose and 
Phosphocellulose Chromatography. RNA-directed DNA poly- 
merase, RNase H, and single-stranded ribonuclease activities 
were routinely followed throughout purification. All the 
detectable DNA polymerase and RNase H activities in 
detergent-lysed AMV adsorbed to a DEAE-cellulose column. 
A single coincident peak of DNA polymerase and RNase 
H activity eluted from DEAE-cellulose at 0.09 M potassium 
phosphate. Single-stranded nuclease activity eluted as a 
single peak at 0.08 M potassium phosphate. A 15- to 20-fold 
purification of DNA polymerase was achieved on DEAE 
of 30-50%. Precipitation of the 
protein in the peak of enzyme activity with ammonium sul- 


cellulose with recoveries 


fate gave an additional 4-fold purification with no loss in 
total activity. 

Chromatography on phosphocellulose gave two peaks of 
DNA polymerase activity (Fig. 14). The first phospho- 
cellulose peak (peak PCI) represented 10-15% of the total 


H| TIP 


(4) pmol 


Fig. 1. 
cellulose, on phosphocellulose. Aliquots (2 wl) of 2-ml fractions 
were assayed for: (A) DNA polymerase with poly(A)-oligo(dT ) 
(A) and AMV 70S RNA (0); (B) RNase H with native calf- 
thymus hybrid (6) and denatured hybrid (a); and (B) single- 
stranded nuclease with [*H]poly(U) (@). 


Chromatography of AMV enzymes, purified on DEAE 
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Fic. 2. Glycerol gradient centrifugation of peaks PCI and 
PCII. Total protein applied to the gradients in A and B were 500 
and 300 wg of PCI and PCII, respectively. Fractions were as- 
sayed for DNA polymerase with poly(A)-oligo(dT) (@) and 
AMV 70S RNA (0), and for RNase H with native calf-thymus 
hybrid (A). Aliquots of 5 and 2 ul were used in the 70S RNA assay 
and in the other two assays, respectively. Hemoglobin (4.3 S) and 
['*°I}gammaglobulin (6.5 8S) were run in separate tubes as sedi- 
mentation markers. 


recovered activity and eluted at 0.11 M potassium phos- 
phate; the second peak (peak PCII), representing the re- 
mainder of the activity, eluted at 0.22 M potassium phos- 
phate. Total recovery of enzyme activity was 50-70%. A 
major and a minor peak of DNA polymerase activity on 
phosphocellulose have been noted by Hurwitz and Leis (3) 
with AMV and by Faras et al. (12) with RSV. Peak PCI 
chromatographed again on phosphocellulose as a single peak 
of activity eluting at 0.11 M potassium phosphate. If peak 
PCII was again chromatographed on phosphocellulose, two 
peaks of activity were again obtained in about the same 
ratio as initially shown, eluting at 0.11 and 0.22 M potas- 
sium phosphate. The poor response of peak PCI relative to 
peak PCII to exogenous AMV 70S RNA was due to single- 
stranded nuclease that eluted from 0.10-0.20 M potassium 
phosphate (Fig. 1B), almost completely overlapping peak 
PCI and only partially overlapping peak PCII. 

RNase H cochromatographed with DNA _ polymerase 
activity in both peaks PCI and PCII (Fig. 1A and B). The 
ratio of RNase H to DNA polymerase activity appears to be 
greater in peak PCI than in peak PCII due to the limiting 
amount of calf-thymus [*H ]RNA-DNA used in screening for 
RNase H activity. It was necessary to use a denaturable 
hybrid such as calf-thymus RNA-DNA to demonstrate the 
specificity of the assay for RNase H (13). With [*H ]poly(A)- 
poly(dT) at a saturating concentration, as substrate for 
RNase H, identical elution profiles for the two enzyme 
activities were obtained (data not shown). The ratio of 
RNase H to DNA polymerase activity across the two peaks 
was constant and equal. 
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Glycerol Gradient Centrifugation. The centrifugation of 
phosphocellulose peaks I and II in high salt (0.35 M KCl) 
glycerol gradients is illustrated in Fig. 2. Peaks PCI and 
PCII sedimented as single components with sedimentation 
coefficients (S20,..) of 5.2 S and 7.8 S, respectively, based on a 
4.38 value for hemoglobin (14). Based on these S values, the 
molecular weights of peaks PCI and PCII are about 90,000 
and 160,000, respectively, from the equation SW./SW:. = 
(MW./MW:)** (15) (hemoglobin standard = 66,000). For 
both peaks PCI and PCII, the profiles of DNA polymerase 
activity with poly(A)- oligo(dT) and AMV 70S RNA were 
coincident. RNase H cosedimented with DNA polymerase 
from both peaks PCI and PCII. Single-stranded nuclease 
activity sedimented as a single component at 4.3 S in both 
enzyme preparations (data not shown). The recoveries of 
DNA polymerase activity were 70-80% in the presence of 
0.2% NP-40, but 10-20% in its absence. 

The sedimentation properties and stability of peak PCI 
in glycerol gradients was not affected by ionic strength. 
Peak PCII, however, aggregated in the absence of KCl, and 
recovery of DNA polymerase activity after glycerol gradient 
centrifugation in the absence of KCl was only 10-15%. 


Properties of Purified Peaks PCI and PCII. The response of 
peaks PCI and PCII purified on glycerol gradients to several 
RNA and DNA polymers is shown in Table 1. The ratio of the 
specific enzyme activities with all templates tested was 


essentially constant. 

The DNA endo- and exonuclease activity in both enzyme 
preparations purified on phosphocellulose was determined. 
We assayed DNA endonuclease activity by exposing adeno- 
virus type 2 and 7 [!4C)]DNA or SV-40 Form 1 [*CJDNA to 
enzyme under conditions for DNA synthesis, and then 
examining the sedimentation profiles of the DNA in alkaline 
sucrose gradients (16). Incubation of adenovirus type 2 and 
7 DNA or SV-40 Form 1 DNA for 2 hr with either peak PCI 


TABLE 1. Template specificities of enzyme peak PCI and 
peak PCII 





pmol [*H)TTP 
incorporated /10 min 
per ug of protein 


Activity 
ratio 

(PCII 
Peak PCI Peak PCII PCI) 





Templates* 





Poly(A)- oligo(dT ) 42.0 155 3. 
Poly(A)-poly(dT) 46.0 144 3.2 
AMV 70S RNA 0. 1.40 3.1 
Activated calf- 

thymus DNAfT 6.: 
Native calf-thymus 

DNA 
Denatured calf-thymus 

DNAt 3.20 10.0 3.1 


- 
‘ 





* Various polymers were used to assay peak PCI and peak 
PCII purified on glycerol gradients. The polymer concentrations 
were: activated, native, or denatured calf-thymus DNA, 30 
ug/ml; AMV 70S RNA, 20 ug/ml; poly(A), 21 ug/ml; poly(dT), 
30 ug/ml; and oligo(dT ):2-1s, 30 ug/ml. Peak PCI was at 0.6 and 
PCII at 0.3 ug/ml. The time course of enzyme activity was linear 
with each template for at least 20 min. 

+ Calf-thymus DNA was activated by treatment with DNase 
I (23). 

t Calf-thymus DNA was denatured by heating at 100° for 10 


min. 
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(3 ug/ml) or peak PCII (5 ug/ml) did not alter the sedi- 
mentation profiles of the DNA in alkaline sucrose gradients. 
DNA exonuclease activity was monitored by measurement of 
the release of trichloroacetic acid-soluble counts from [*H ]- 
poly(dAT), SV-40 Form 2 [!*C]DNA, or whole cell ['*C]DNA 
from monkey kidney cells. Neither peak PCI (1.4 ug/ml) nor 
peak PCII (1.0 ug/ml) solubilized detectable amounts of 
these DN As during a 2-hr incubation. 


Subunit Structures of Peaks PCI and PCII. The subunit 
structures of peaks PCI and PCII purified on glycerol 
gradients were examined by SDS-polyacrylamide disc-gel 
electrophoresis. Peak PCI contained one major subunit 
(Fig. 3, gel 2), which we call alpha (a). Several minor con- 
taminating bands that can be removed by gel electrophoresis 
were also present after glycerol gradient centrifugation. Two 
subunits were resolved in peak PCII (Fig. 3, gel 4), designated 
a and beta (8) in order of decreasing mobility. Peaks PCI and 
PCII were mixed and examined by SDS-polyacrylamide gel 
electrophoresis (data not shown). The a subunits of PCI and 
PCII had identical mobilities. For comparison, SDS-poly- 
acrylamide gels of phosphocellulose peak I (gel 1) and peak II 
(gel 3) are also shown in Fig. 3. Gel patterns identical to 
those in Fig. 3 were obtained with proteins treated with iodo- 
acetamide (17) before gel analysis. 

The molecular weights of AMV DNA polymerase subunits 
were determined from a standard curve (data not shown) 
that related the logarithm of the molecular weight to the dis- 
tance of migration of polypeptides on SDS—polyacrylamide 
gels. The molecular weight markers used were: adenovirus 
hexon, bovine-serum albumin, gammaglobulin, ovalbumin, 
chymotrypsinogen, and cytochrome c. The molecular weights 
of a and 8 were estimated to be 65,000 and 105,000, respec- 
tively. 

The amount of 8 relative to a in peak PCII was determined 
by measurement of the area under each subunit peak in 
densitometric tracings of SDS—polyacrylamide gels stained 
by Coomassie blue of peak PCII purified on glycerol gradients. 
The ratio of the amount of 8 relative to a determined by this 
method was 1.7; the ratio of the molecular weight of 8 rela- 
tive to a was also 1.7. Therefore, the relative molar concentra- 
tion of a and 8 was 1.0. The subunit structural formulas 
for peaks PCI and PCII were, therefore, a and a8, respec- 
tively, or an integral multiple thereof. The 90,000 molecular 
weight estimated from density gradient analysis for peak 
PCI could be consistent with either a or a2. The molecular 
weight of peak PCII estimated by density gradient analysis 





Fig. 3. SDS—polyacrylamide disc-gel electrophoresis of peaks 
PCI and PCII before and after glycerol gradient purification. 
From top to bottom, the amount of protein applied to each gel 
was (1) 16 ug of peak PCI, (2) 2 wg of peak PCI purified on a 
glycerol gradient, (3) 10 wg of peak PCII, and (4) 3 ug of peak 
PCII purified on a glycerol gradient. Gels were stained with 
Coomassie blue. 
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Fig. 4. Nondissociating polyacrylamide disc-gel electrophore- 
sis of phosphocellulose peak I(A ) and peak II(B). The total time 
of electrophoresis was 4.5 hr. For measurement of enzyme activi- 
ties, 10 wg of protein of peak PCI or 11 wg of peak PCII was ap- 
plied to a gel. Each gel was cut and eluted; 20-zl aliquots of vari- 
ous fractions were assayed for DNA polymerase with poly(A 
oligo(dT) (O) and for RNase H with native calf-thymus hybrid 
(A). Gels run in parallel for staining with Coomassie blue con- 
tained 7 wg of peak PCI or 7 wg of peak PCII protein. The en- 
zyme activity profiles of fractionated gels and the photographs 
of stained gels of peaks PCI and PCII are shown 


was 160,000. Thus, the subunit structural formula for peak 
PCII was a8 with a molecular weight of 170,000. 


The Antigenic Relationship of Peak PCI and PCII. Antibody 
directed against Peak PCII inactivated the DNA polymerase 
activity of both Peak PCI and Peak PCII. In the presence 
of 6, 12, and 18 ug/ml of anti-cAMV DNA polymerase gamma- 
globulin, equivalent amounts of DNA polymerase activity of 
Peaks PCI and PCII were inhibited by 80, 90, and 96% and 
54, 69, and 71%, respectively. This result demonstrates that 


a in both enzymes has similar antigenic determinants. 


Both DNA Polymerase and RNase H Reside on Alpha: Puri- 
fication on Nondissociating Polyacrylamide Gels and Analysis 
by SDS-Polyacrylamide Gel Electrophoresis. To definitely 
establish that a possesses both DNA polymerase and RNase 
H activity, peak PCI was subjected to further purification on 
nondissociating polyacrylamide gels under conditions where 
DNA polymerase and RNase H activities were stable and 
could be eluted from the gels. For comparison, peak PCII 
was also examined. Typical results are shown in Fig. 4. Peak 
PCI migrated 7.5 mm farther than peak PCII after 4.5 hr 
of electrophoresis. Doubling the time of electrophoresis dou- 
bled the separation achieved. Analysis of DNA polymerase 
and RNase H eluted from gels of peak PCI (Fig. 4A) and 
peak PCII (Fig. 4B) showed that for each, both enzyme 
activities comigrated. In addition, AMV 708 RNA-directed 
DNA polymerase activity comigrated with the above two 
activities in gels from both enzymes (data not shown). 
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Fic. 5. Densitometric tracings of SDS—polyacrylamide gels 
of peaks PCI and PCII purified by nondissociating polyacryl- 
amide gel electrophoresis. Phosphocellulose peaks I and II were 
subjected to electrophoresis on nondissociating polyacrylamide 
gels (see Fig. 4) for 7.5 hr. Three sets of three gels each were run 
simultaneously, one set for peak PCI containing 11 ug of protein 
per gel, one set for peak PCII containing 20 yg of protein per gel, 
and one set with no protein. Gels of peaks PCI and PCII were 
fractionated, eluted, and assayed for DNA polymerase activity. 
The six fractions from each set of three gels containing the highest 
DNA polymerase activity were combined. The protein was pre- 
cipitated and analyzed by SDS—polyacrylamide gel electrophore- 
sis. Six appropriate fractions from the blank gels were treated and 
analyzed in a similar manner. The SDS gels were stained with 
Coomassie blue, and densitometric tracings at 580 nm of peak 
PCI (——), peak PCII (—-—-—), and the blank (---) were made 
with a Beckman Acta V equipped with a linear transport. 


Usually 60-80% of input DNA polymerase activity could be 
recovered from the gel. 

The subunit structure of ‘peaks PCI and PCII after non- 
dissociating polyacrylamide gel electrophoresis was deter- 
mined by extraction of the protein in the two gel fractions 
with the highest DNA polymerase activity and analysis of 
the protein on SDS—polyacrylamide gels. Superimposed densi- 
tometric tracings of SDS gels of peak PCI, peak PCII, and a 
blank are shown in Fig. 5. Only @ was present in PCI, while 
both @ and 8 were present in PCII. These results were highly 
reproducible with several different enzyme preparations. 
Thus, both DNA polymerase and RNase H activity reside 
on @ in peak PCT. 


DISCUSSION 


Two structurally different forms of RNA-directed DNA poly- 
merase having RNase H activity, a and af, were purified 
from AMV. Chromatography on phosphocellulose separated 
the two enzymes with a (peak PCI) eluting at 0.11 M and 
a8 (peak PCII) at 0.22 M potassium phosphate. Both forms 
of the enzyme were also physically separable by glycerol 
gradient centrifugation and nondissociating polyacrylamide 
gel electrophoresis. 

Based on SDS-polyacrylamide gel electrophoresis of af, 
a and 8 had molecular weights of 65,000 and 105,000, respec- 
tively. The AMV DNA polymerase isolated by Kacian et al. 
(4) had subunits of 69,000 and 110,000, and is probably iden- 
tical to a8. We estimated the molecular weight of af to be 
160,000 by density gradient centrifugation, in agreement 
with the results of Hurwitz and Leis (3). 
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Chromatography of peak PCII a second time on phospho- 
cellulose gave both peaks PCII and PCI. The a subunits of 
a and af had identical molecular weights and common anti- 
genic determinants. These results strongly indicate that the 
a subunits are identical, and suggest that the source of a is 
a8. The possibility exists that a and af are unique to different 
virus types (18), but this seems unlikely because of the identity 
in molecular weight and antigenic relatedness of a in a and a8. 

DNA polymerase and R Nase H activity in AMV are located 
on @ in peak PCI, and probably on the @ subunit of af. 
The biological function of 8 in peak PCII has not .een 
determined. The origin of the 8 subunit in peak PCII is also 
open to question. It is interesting that only avian RNA tumor 
viruses appear to have the 8 subunit associated with RNA- 
directed DNA polymerase (2-4, 12, 19, 20). Perhaps a@@ in 
AMV is analogous to purified Qs replicase, which is com- 
posed of both a viral and several host-specific polypeptide 
subunits (21, 22). 
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ABSTRACT The idiotype of the mouse myeloma pro- 
tein with anti-a-1,3 dextran activity, J558, has been char- 
acterized by a solid-phase radioimmunoassay. The idio- 
type of the J558 protein depends on a specific light and 
heavy chain interaction and is altered in the presence of 
the hapten, nigerose. Cross-reacting idiotypes were found 
on another mouse myeloma protein with a-1,3 dextran 
specificity, normal anti-dextran antibody, and certain 
reconstructed myeloma proteins composed of the J558 
heavy chain and heterologous light chains. 





The immune response to a-1,3-linked dextrans in mice is 
controlled by an autosomal dominant locus linked to the 
genes of the constant region of the heavy chain. This locus 
determines the level of the response to dextrans containing 
a-1,3 glucosyl linkages, as well as the structure of the anti- 
body. Certain strains that respond well to this antigen pro- 
duce anti-dextran antibody restricted to the \ class. Most or 
all anti-dextran antibodies share an antigenic determinant(s) 
(idiotype) that occurs on a yAA BALB/c myeloma immuno- 
globulin with specificity for a-1,3-linked dextrans. Thus, this 
idiotype provides a marker for the antibody variable region 
that is coded for by the locus controlling the dextran response 
(1). 

In this study, we show that this idiotype is dependent on 
variable regions of both heavy and light chains; and that the 
idiotype of the antibodies to the dextrans is related to their 
specificity, as demonstrated by studies on the influence of 
hapten, and the effect of amino-acid differences in the com- 
plementarity-determining regions of anti-dextran antibodies 
on the idiotype. 


MATERIALS AND METHODS 
Dextran B-13558 (35% a-1,3 linkages) (2) was a gift from 
Dr. Allene Jeanes, Northern Regional Research Laboratory, 
U.S. Department of Agriculture, Peoria, Ill. The a-1,3-linked 
disaccharide, nigerose, was provided by Dr. I. R. Johnson, 
University College, London, England. Isomaltose was ob- 
tained from Pierce Chemical Co., Rockford, Ill. The source 
of the plasmacytomas and certain properties of the myeloma 
proteins used are shown in Table 1. The BALB/e mice were 
obtained from the breeding colony of the Salk Institute; all 
other strains were obtained from the Jackson Laboratory, 
Bar Harbor, Me. '*I (NEZ-033H) and [°H Jiodoacetic acid 
(NET-147) were obtained from New England Nuclear Corp., 


Abbreviations: L and H, light and heavy (chains), respectively; 
V and C, variable and constant (regions), respectively. 


Boston, Mass. SJL, antic MOPC104E serum was a gift from 
Dr. Rose Lieberman (NIH). 

The proteins produced by plasmacytomas MOPC104E, 
J558, and W3129 were purified on dextran B1355S—poly- 
acrylamide gel columns (3). The concentration of dextran 
was 3.3 mg/ml of polymerized gel. The other myeloma pro- 
teins and light chains were isolated as discussed (4). Partial 
reduction and alkylations were performed by the method 
described by Bridges and Little (5), except for J558. In this 
case the protein was labeled with [*H Jiodoacetic acid accord- 
ing to the method of Edelman and Gottlieb (6) before separa- 
tion of heavy and light chains. 

To produce anti-idiotypic antisera A/HeJ mice were im- 
munized with purified J558 or W3129 proteins by the method 
of Potter and Lieberman (7). Animals were bled 6 weeks 
after the first injection and the antisera were pooled. Anti- 
idiotypic sera were passed over Sepharose columns to which 
BALB/c serum was bound by the method of Wofsy and Burr 
(8). (BALB/c x C57/BL6)F1 mice were bled 12 days after 
immunization and the serum was pooled. 

The idiotypic determinant was investigated by the solid- 
phase radioimmunoassay of Askenase and Leonard (9). 10 X 
75 mm polystyrene tubes (Falcon Plastics) were incubated 
for 4 hr with 1 ml of a 1:500 dilution of anti-idiotypic anti- 


TABLE 1. Properties of myeloma proteins used in this study 





Heavy Light 
chain chain 
Tumor class class* Specificity 


a-1,3 dextran 
a-1,3 dextran 
Unknown 


J558 A do 
MOPC104Ef N do 
W3159 A do 
XS$104 Xo 
$176 A A 
RPC20t wi 
H2020 : Ae 
$178 - dA 
W3129 ! K 


5-AU and a-1,3 dextran 


Unknown 


a-1,6 dextran 





* The subscript refers to the sequence of the \ chain: A» is the 
prototype sequence; A;, As, and A; differ from the A» sequence by 
1, 2, or 3 amino acids, respectively (4). 

+t Tumors obtained from Dr. Michael Potter. All other tumors 
were induced and characterized in Dr. Melvin Cohn’s laboratory 
(Hirst, J. W., Jones, G., Weigert, M., and Cohn, M., unpub- 
lished ). 
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Fig. 1. Inhibition of [!°I]J558 and [!*I]W3129 binding to 
their respective anti-idiotypic sera. O, Inhibition of [!I]J558 
binding to anti-J558 by J558: @, inhibition of [!%°I]W3129 bind- 
ing to anti-W3129 by W3129: g, inhibition of [!*I]W3129 bind- 
ing to anti-W3129 by J558. Percent control binding = (cpm 
bound in the presence of inhibitor/epm bound without inhibitor) 
xX 100. Each point represents the average of three determina- 
tions. Protein concentrations were determined by the absorbance 
of undiluted purified protein solutions at 280 nm with an extinc- 
tion coefficient of 1.40 per mg per ml, 1-cm light path. The specific 
activity of the ['*I]myeloma proteins was about 5000 cpm/ng 
and 4000 epm/ng for J558 and W3129, respectively. 


serum in phosphate-buffered saline, pH 7.4 (PO,-saline). 
Tubes were washed with PO,-saline and incubated for 30 min 
in a 1% bovine-serum albumin solution in PO,saline. The 
albumin solution was removed and each tube received 1.1 ml 
of 1% albumin-0.1% normal rabbit serum in PO,-saline con- 
taining about 25,000 cpm of [!%I ]myeloma protein and various 
amounts of unlabeled protein. Iodinations were performed 
by the chloramine T method of Greenwood, Hunter, and 
Glover (10). Tubes were incubated for 18 hr at 37° and washed 
three times with PO,-saline. The radioactivity bound to the 
tubes was measured in a Packard auto-gamma counter. 
Nonspecific binding to albumin-coated tubes was less than 
0.1% of the added counts and was subtracted. Inhibition 
curves obtained by this method were sigmoidal on linear 
coordinates. For convenience in calculation of the relative 
inhibitory power of the various proteins, data were plotted on 
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Fig. 2. Inhibition of [!*I]MOPC104E binding to anti- 
MOPC104E idiotypic serum. O, inhibition of [!*I] MOPC104E 
binding by MOPC104E; @, inhibition of [I] MOPC104E bind- 
ing by J558; a, inhibition of [!*I] MOPC104E binding by W3129. 
Each point represents the average of four determinations. The 
percent control binding and protein concentrations were de- 
termined as described in Fig. 1. The specific activity of the 
[?%I] MOPC104E was about 7000 cpm/ng. 
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TABLE 2. Binding to dextran* of (?H]558 heavy chain 
combined with heterologous light chains 





Heavy chain Light chain % Bound 


J558 _ 0 
J558 W3129 (x) 0 

J558 J558 (Xe) 63, 65 
J558 XS104 (do) 58, 60 
J558 MOPC104E (do)t 60, 61 
J558 J2020 (As) 53, 63 
J558 RPC-20 (d:) 72,78 
J558 $176 (a) 60, 65 
J558 S178 (As) 34, 28 








* Aliquots of the reconstructed mixtures were passed over 
columns containing 1-2 ml of dextran B1355S—polyacrylamide. 
Columns were washed with PQ,-saline to remove unbound pro- 
tein. Bound protein was eluted with 0.2 M glycine-HC! buffer 
(pH 2.2). % bound = [(epm eluted, pH 2.2)/(total cpm re- 
covered)] X 100. In all cases recoveries were greater than 85% 


of input counts. 
t The MOPC104E light chain used in this reconstruction was 
isolated from the urine of mice bearing the MOPC104E tumor. 


a semi-logarithmic scale, and gave approximately linear plots 
for a large range of concentrations. 

The heavy and light chains of partially alkylated proteins 
were separated, and proteins were reconstructed from sepa- 
rated heavy (H) and light (L) chains according to the methods 
described by Bridges and Little (5), except that light chains 
were used in 4-fold molar excess over [*H Jiodoacetic acid- 
labeled J558H chain. 

RESULTS 

Specificity of anti-idiotypic antibodies 

It has been shown that immunization of certain strains of 
mice with BALB/c myeloma proteins elicits highly specific 
antibodies (7). For example, strain A/He mice immunized 
with J558 myeloma protein produce antibody that showed no 
detectable crossreaction with either normal BALB/c serum 
or 60 different BALB/c myeloma proteins, including MOPC- 
104E, in precipitation tests in double-diffusion agar-gel 
plates (Weigert, unpublished). An analogous result has been 
obtained by immunization of SJL mice with MOPC104E 
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Fig. 3. Inhibition of [!°I]J558 binding to anti-J558 serum by 
various myeloma proteins and subunits. Each point represents 
the mean of five determinations; brackets represent the standard 
error of the mean. Protein concentrations were determined as in 
Fig. 1. The specific activity of the [!*1]J558 was about 250 
cpm /ng. 
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(Rose Lieberman, unpublished). The specificity of these anti- 
idiotypic antibodies and anti-W3129 antibody produced in 
A/He mice were tested by the solid-phase radioimmunoassay. 
By this assay no significant crossreaction could be demon- 
strated in any of these three cases (Figs. 1, 2, and 3; Table 
3). 

Crossreactions have been shown between anti-idiotypic 
antisera directed against a BALB/c myeloma protein with 
phosphorylcholine specificity and other myeloma proteins 
also in the yAd class with a similar specificity, suggesting the 
possibility of sequence similarity between these independently 
induced myeloma proteins (11). Since both MOPC104E and 
J558 have specificity for a-1,3-linked oligosaccharides (12, 
13), it was of particular interest to test MOPC104E for cross- 
reaction with the J558 idiotype by the radioimmunoassay. 
As shown in Fig. 3, MOPC104E significantly inhibits the 
binding of [!*51]J558 to anti-J558 as compared to either nor- 
mal BALB/e serum or other myeloma proteins; however, 
it is not as effective an inhibitor as J558 (Table 3). Likewise, 
J558 can inhibit the binding of [!*I]MOPC104E to anti- 
MOPC104E idiotypic antiserum prepared in SJL mice, 
however not as effectively as MOPC104E (Fig. 2). To elimi- 
nate any differences in inhibition resulting from the degree 
of polymerization of the two proteins, the monomeric form 
of partially reduced and alkylated MOPC104E was used in 
these experiments. 

J558 (13) and MOPC104E (12), while demonstrating speci- 
ficity for a-1,3-linked oligosaccharides, are different as shown 
by the analysis of inhibition of dextran binding of these pro- 
teins by various nigerosyl derivatives. One explanation for 
the idiotypic difference between these proteins could be that 
they share certain idiotypic determinants in common, while 
differing in others. However, as shown in Fig. 3, though the 
relative inhibitory power of MOPC104E is less than that of 


TABLE 3. Relative inhibitory power* of various 
immunoglobulins and immunoglobulin subunits of the binding 
of ['*7|J558 protein to anti-J558 idiotypic serum 





telative 


Protein inhibitory power 





1 
J558H chain—xS104 Xr» 1 
J558H chain-MOPCI104E > ¥ 
J558H chain—J2020 dz 1 
J558H chain-S176 A, l 
J558H chain—RPC20 vA, 1. 
J558H chain-—S178 A; 0.150 
MOPC104E 0.050 
J558t 0.005 
W3159 <0.001 
W3129 <0.001 
J558H chain—-W3129« <0.001 
J558H <0.001 
do <0.001 





* Relative inhibitory power is the ratio of nanograms of in- 
hibitor giving 50% inhibition of [!*1I]J558 binding to anti- 
J558/nanograms of control giving 50% inhibition of [!*I]J558 
binding to anti-J558. For reconstructed molecules, the control 
is J558 reconstructed from separated J558H and do; in all other 
cases, the control is partially reduced and alkylated J558. 

t Relative inhibitory power of the [!*I] MOPC104E binding 
to anti-MOPCI104E. 
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SERUM DILUTION 


Fic. 4. Inhibition of [!*I]myeloma protein binding to anti- 
idiotypic sera by serum from normal mice and from mice im- 
munized by dextran B1355 
anti-J558 by serum from immunized mice, @; by serum from 
unimmunized mice, O. Inhibition of [I] MOPC104E binding to 
anti- MOPC104E by serum from unimmunized mice, A; by serum 
from immunized mice, 4. @, Inhibition of [*%I]W3129 binding to 
anti-W3129 by serum from immunized mice. Each point repre- 
sents the average of three determinations. The specific activities 
of the [!*I]myeloma proteins were the same as in the experi- 


ments described in Figs. 1 and 2. 


J558, the [!%1]J558 binding to anti-J558 can be completely 
inhibited by MOPC104E. Though the relative inhibitory 
power of J558 is less than that of MOPCI04E, the ['*I}- 
MOPCI104E binding to anti-MOPCIO4E can be almost 
completely inhibited by J558 (Fig. 2). These results indicate 
that both proteins share a similar, but not identical, deter- 
minant(s). Since the light chains of J558 and MOPC104E 
are identical (14), the binding site and the idiotype of MOPC- 
104E and J558 must differ because of differences in heavy 
chain sequence. 

As has been shown previously, immunization of certain 
strains of mice such as BALB/c with dextran B1355S elicits 
an anti-dextran antibody that only reacts with dextrans 
containing a-1,3 glucosyl linkages. Furthermore, this anti- 
body appears to share the J558 idiotype (1). As shown in 
Fig. 4, pooled serum from (BALB/c x C57BL6)F1 mice 
immunized with dextran B1355S can specifically inhibit 
the ['°I]MOPC104E binding to anti-MOPCI104E and ['*I}- 
J558 binding to anti-J558. The relative inhibitory power of 
the normal anti-dextran antibody, which in this serum is all 
of the yM class (Carson and Riblet, unpublished), is about 
the same for J558 and MOPC104E binding. Since the in- 
hibitory power of either J558 or MOPC104E differs markedly 
when compared to the inhibitory power of either protein of 
its own idiotype binding (Table 3), the normal anti-dextran 
must either be of a unique idiotype that crossreacts equally 
well with either idiotype or a mixture of idiotypes. 


Heavy- and light-chain contribution to the J558 idiotype 


The subunits of J558 have been tested for their contribution 
to the idiotype. As shown in Fig. 3 and Table 3 neither J558H 
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Fig. 5. Effect of hapten on idiotype expression. Percent con- 
trol binding = (epm bound in the presence of hapten/cpm bound 
without hapten) xX 100. Each point represents the mean of three 
determinations and the brackets indicate the standard error of 
the mean. Inhibition of [!I]J558 binding to anti-J558 by iso- 
maltose, O; by nigerose, @. Inhibition of [!*I]W3129 binding to 
anti-W3129 by nigerose, A; by isomaltose, a. The specific ac- 
tivity of [!I]J558 was about 250 cpm/ng, of [!%I]W3129 about 
4000 cpm/ng. 


chain nor Xo (J558L chain for example), at various concen- 
trations, significantly inhibits the binding of [!%1]J558 to 
anti-J558. As shown in Figs. 5 and 6, the idiotype is restored 
by reconstruction of J558 from separated J558 subunits. In 
order to test whether the idiotype might be restored to a 
J558L or H chain in combination with a heterologous subunit, 
both reconstructed molecules of J558H chain-3129 L chain (x) 
and native W3159 (a IgA» myeloma protein without anti- 
dextran activity) were tested for the J558 idiotype. As shown 
in Fig. 3 neither protein inhibits [!51]J558 binding. Condi- 
tions for reconstruction were used under which the efficiency 
of reconstruction of proteins the size of the original myeloma 
protein has been shown to be high (5). These results suggest 
that the J558 idiotype is formed by the specific interaction 
of heavy- and light-chain variable regions. A similar require- 
ment is found for the dextran-binding capacity of J558. As 
shown in Table 2 neither J558H nor J558H chain-W3129 
(x) chain reconstructed protein bind to dextran, whereas 
dextran binding is restored to the protein reconstructed from 
J558 chain and Xo chain. 


The idiotype of heterologous chain mixtures 


As shown above, the J558 idiotype depends on a specific H 
and L chain interaction. For example, J558H and a hetero- 
logous L chain of the « class, W3129, lack the idiotype. The 
effect of subtle differences in sequence on the degree of speci- 
ficity was determined by analysis of the idiotype of J558H in 
combination with \ chains possessing various amino-acid 
substitutions (A;,\2, and A3; Table 1). Fig. 6 and Table 3 show 
the results of inhibition of binding of [!°1]J558 to various 
J558-\ chain combinations. As expected, reconstruction of 
J558 with Xo chains resulted in an idiotype identical to that 
of J558. A; (serine to asparagine at residue 25), A, (isoleucine 
to leucine at residue 50), and A: (serine to threonine at residue 
25 and serine to glycine at residue 32) have no detectable 
effect on the idiotype. The A; (serine to asparagine at residue 
25, glycine to asparagine at residue 52, and histidine to argi- 
nine at residue 97) significantly alters the idiotype (Table 3). 
This result cannot be attributed to differences in the efficiency 
of reconstruction of Xx and A; with J558H chain. As shown in 
Table 2, binding to dextran is restored in all cases to approxi- 
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mately the same extent except for J558H chain-);. If the 
percent bound reflects the minimum efficiency of reconstruc- 
tion of J558 chain-); relative to J558H chain—Xo, the relative 
inhibitory power of the J558H-); idiotype would be 0.30. 
If the efficiency of reconstruction is the same for Xo and sg, 
the difference in dextran binding of J558-); as compared to 
J558H-Ao might reflect a lower affinity for dextran. By this 
explanation the relative inhibitory power of J558H chain- 
As is 0.150. 


Effect of hapten on the J558 idiotype 


J558 binds to a-1,3-linked dextrans and is inhibitable by the 
a-1,3-linked disaccharide, nigerose (13). Fig. 5 shows the 
effect of nigerose on the binding of [!%1]J558 to anti-J558. 
Under the conditions used in this assay (J558 concentrations 
of 100 ng/1.1 ml), the binding was 60% inhibitable at a 10 
mM concentration of nigerose. No inhibition can be observed 
at the same concentration of the a-1,6-linked disaccharide, 
isomaltose. Further evidence for the specificity of inhibition 
comes from the reciprocal experiment with W3129, a yAx 
that binds a-1,6-linked dextrans. In this case, isomaltose 
inhibits the binding of [!*°1]W3129 to anti-W3129, whereas 
nigerose does not, precluding a nonspecific effect of nigerose. 


DISCUSSION 
These studies show that the idiotype of J558 a yA\ anti- 
dextran myeloma is dependent on a specific H-chain and L- 
chain interaction. A crossreacting determinant is found on at 
least 90% of the anti-dextran antibody of mouse strains that 
respond well to this antigen. The idiotype is absent from the 
anti-dextran antibody of strains that respond poorly. Both 
the level of the response and the idiotype of the antibody are 
controlled by the dextran-response locus, which is inherited 
as an autosomal dominant locus. Because the idiotype is con- 
trolled by a Vy (heavy chain variable region) and a V) (A 
chain variable region) gene, the inability of certain strains 
such as C56BL/6 to respond in this manner could be due to 
differences in one or both of these V genes. The idiotypes of 
rabbit antibodies to streptococcal carbohydrates are also 
inherited (15). The heavy and light chains of these antibodies, 





= 


PERCENT CONTROL BINDING 
8 








10 100 1000 
NANOGRAMS HEAVY CHAIN IN RECONSTRUCTED MOLECULES 





Fic. 6. Inhibition of [!I]J558 binding to anti-J558 by re- 
constructed antibodies. Each point represents the mean of 5 
determinations; brackets represent the SEM. Heavy chain con- 
centrations were determined as in Fig. 1. Values were not cor- 
rected for the efficiency of reconstruction as determined by bind- 
ing to dextran of the reconstructed proteins (Table 2). The 
following symbols are used for the light chains in combination 
with J558H: ©, J558; @, S104; Oo, MOPC104E; @, RPC20; o, 
J2020; a, S176; A, S178. The specific activity of ['*I]J558 was 
about 250 cpm/ng. 
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however, have separate idiotypic determinants that are in- 
herited independently. In this case, only the gene controlling 
Vy appears to be linked to Cy (heavy chain constant region) 
genes. That dextran response is controlled by a locus linked 
to the genes controlling Cy structure (1) only suggests that 
the variance is in Vy, because the possibility remains that in 
mice both Vy and V, genes are linked to the Cy genes. 

The effect of hapten on the idiotype of rabbit anti-p- 
azobenzoate antibodies shown by Brient and Nisonoff (16) 
has suggested a relationship of idiotypic determinants to 
antibody specificity. Our results suggest that the idiotype 
of the anti-dextran antibody is also due to determinants re- 
lated to the specificity of the antibody, since the a-1,3-linked 
disaccharide, nigerose, inhibits at least 60% of the binding 
of J558 to the anti-idiotypic serum. 

Kunkel and coworkers have shown crossreacting idiotypes 
among cold agglutinins (17) and antigammaglobulins (18) 
in human populations. Such evidence for the relationship of 
idiotype to specificity is also illustrated here by the compari- 
son of myeloma antibodies J558 (13) to MOPCI104E (12) 
that have specificities for various nigerosyl derivatives. We 
have shown that the hapten-inhibitable idiotype of J558 is 
similar, but not identical, to the idiotype of the anti-dextran 
myeloma antibody, MOPC104E. Since the Xo chains of both 
are identical, this difference must be due to amino-acid se- 
quence differences in the Vq regions of these antibodies that 
might also modulate the specificity for a-1,3-linked sac- 
charides. Additional support for this notion comes from com- 
parisons of the idiotype of anti-dextran antibodies with altered 
L-chains. Certain amino-acid differences in what are believed 
to be the complementarity determining regions of L-chains 
have no detectable effect on the idiotype. Hence, even with 
the sensitive assay used here, idiotypic identity is not an 
argument for sequence identity. In one case (three amino- 
acid differences), however, the idiotype is significantly altered. 
In this case all differences are confined to what have been 
proposed to be the L-chain complementarity-determining 
regions (19), and may, if the binding site and idiotype of 
these antibodies are synonomous, directly affect the idio- 
typic determinant. Sequence variation in the binding site 
may, however, affect other regions of antibody structure that, 
in addition, are subject to conformational changes resulting 
from antibody—hapten interaction. 

The normal anti-dextran antibody may represent a hetero- 
geneous population with similar, but not identical, idiotypes, 
as indicated by the comparison of the relative inhibitory power 
of normal anti-dextran antibody of the [!*1]MOPC104E 
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binding to anti-MOPC104E and [!*1]J558 binding to anti- 
J558. This comparison demonstrates at least two idiotypes 
for anti-dextran antibodies, and from the studies with re- 
constructed anti-dextran antibodies it is conceivable that 
the idiotype, as defined by this assay, could include a large 
number of antibodies with different sequences. Since anti- 
bodies with different sequences are known to bind dextran, 
certain variants of a germ-line antibody may have new speci- 
ficities while retaining specificity for dextran. The normal 
anti-dextran antibody, therefore, could consist mainly, if 
not exclusively, of antibodies at early stages of diversification. 


We are indebted to Dr. Rose Lieberman, who developed the 
methods for preparing anti- MOPC104E idiotypic antiserum, and 
permitted us to study the antiserum made in her laboratory. 
Aided by a grant from the National Institutes of Health, no. 
GM 18263, to M. W., and Research Grant A105875 and Training 
Grant A100430 from the National Institute of Allergy and 
Infectious Diseases to Dr. Melvin Cohn. M. W. is a recipient of 
an American Cancer Society Faculty Research Award PRA-59. 
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ABSTRACT Previous work showed that in cerebella of 
mice homozygous for the autosomal mutation weaver, 
wv, most postmitotic granule cell neurons die during the 
first 2 weeks after birth close to their site of genesis in the 
external granular layer. Analysis of the less severely af- 
fected heterozygotes by electron microscopy and auto- 
radiography indicates that granule cell death occurs 
several days after cell genesis and is secondary to failure of 
their somas to migrate across the molecular layer to the 
granular layer. This migration defect in turn appears 
secondary to a hitherto unrecognized disorder of Berg- 
mann glial cells, the cells that normally guide the young 
neurons in their migration. In +/wv cerebella, Bergmann 
glial processes are enlarged and irregular in caliber, elec- 
tronlucent, and often vacuolated; in wv/wv, Bergmann 
cell processes are almost absent. The primary genetic ab- 
normality remains undefined, but the gene dosage effect, 
here recognized at a cellular level for the first time in a 
mammalian neurological mutant, suggests that even 
though neuronal death serves as the most prominent and 
clinically relevant phenotypic expression, the Bergmann 
glial abnormality may actually be closer to the primary 
cellular target of the wv genetic locus. 





The cerebellar cortex has been the most intensively analyzed 
region of adult brains (1-3), and it receives comparable special 
emphasis during development (4). In the immature cerebel- 
lum, precursors of granule cell neurons proliferate on the 
external surface. The postmitotic daughter cell then undergoes 
a highly ordered series of transformations in shape as its soma 
migrates inward to the granular layer, while a T-shaped axon 
remains behind in the molecular layer where it contacts the 
growing dendrites of earlier-formed Purkinje cells (5-7). 
These cell relationships are essentially identical in mice (8, 
9), rats (10), rhesus monkeys (6, 7), and man (11). 

Recent electronmicroscopic analysis of monkey cerebellum 
has demonstrated that, during their entire translocation across 
the molecular layer during late developmental stages, young 
granule cell neurons are directly apposed to rectilinear, ver- 
tically oriented Bergmann glial fibers that span the entire 
width of the layer (6). The newly generated granule cell 
contacts the distal part of the Bergmann glial fiber soon after 
its final division or earlier; then the vertical part of the axon 
maintains the contact even after the granule cell soma has 
passed deep to the Bergmann and Purkinje cell somas and 
into the granular layer. (The term ‘“‘contact”’ is used to desig- 
nate side by side apposition, with the electron dense com- 
ponents of the surface membranes of the two cells separated 
by an about 180-A space usually seen in epithelia; no other 
cellular processes intervene.) 

Several observations suggest that this cell interrelationship 
is necessary for the granule cell to attain its normal position 
and establish its synaptic contacts (6). First, if numerous 
sections through a migrating granule cell are examined, the 


neuron-glial contact is always seen. Second, the young gran- 
ule cell establishes no such relationship with any of the myriad 
other processes that it encounters during its passage across 
the complex developing molecular layer. Third, a similar 
relationship is seen at late stages of cerebral development in 
fetal monkeys, when young neurons migrating outward from 
their sites of genesis near the ventricular wall to the distant 
cortical plate are apposed during their entire migration to 
radially-arranged glial fiber guides (12, 13). 

In both cerebellum and cerebrum these oriented glial fibers 
perhaps impose radial constraints and provide guidelines 
facilitating migration of young neurons, especially at late 
developmental stages when the migration route is densely 
packed with cell processes, many of which have already 
established synaptic connections (6). 

Weaver (wv), a mutant mouse with an abnormal cerebellum, 
provides a critical test of the possible developmental signifi- 
cance of this neuron-glia relationship. The mutation occurred 
in and is maintained in the C57BL/6J strain. It is expressed 
as an autosomal recessive by the behavioral criteria of severe 
ataxia, hypotonia, and fine tremor (14, 15). Homozygous 
affected mice rarely survive more than 1 month after birth. 
Heterozygous mice are often slightly smaller in body size than 
normal, but do not show abnormal behavior (16). 

Cerebella of 3-week-old or older wv/wv mice are drastically 
reduced in size. The most dramatic histological abnormality 
is virtual absence of the granule cell population (15). In addi- 
tion, the molecular layer is attenuated, and the Purkinje 
cells are crowded, somewhat irregularly oriented, and moder- 
ately reduced in volume. The deficit of granule cells is ac- 
counted for by cell death in the external granular layer during 
the first 2 weeks after birth. 

Rezai and Yoon (16) established that cerebellar develop- 
ment is partially affected in weaver heterozygotes, both on 
the inbred genetic background and where the gene was out- 
crossed to other backgrounds. The major defect is an ab- 
normality of postmitotic granule cell migration. By auto- 
radiography after injection of [*H |thymidine, they found that 
in the heterozygote, external granule cells proliferate normally 
but the daughter cells move more slowly than normal across 
the molecular layer, some of them never reaching the granular 
layer. They confirmed earlier observations that extensive cell 
death occurs in the external granular layer of homozygous 
weavers (15) and suggested, by extrapolation from their find- 
ings in heterozygotes, that cell death is a consequence of 
migration failure rather than the reverse. 

The present study was undertaken to seek evidence for a 
possible abnormal developmental interaction between granule 
cell neurons and Bergmann glia that might underlie the migra- 
tion disorder. C57BL/6J-+/wv mice were mated and pro- 
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duced wild-type, heterozygous, and homozygous affected 
offspring in the expected 1:2:1 Mendelian ratios. Since the 
homozygous mutants die by about 3 weeks of age on the in- 
bred genetic background, one older wv/wv male from a cross 
with noninbred mice was studied. In another series, the 
ovaries from a wv/wv female were transplanted to a normal 
histocompatible recipient, who was mated to a wild-type 
(+/+) male and produced a litter of 100% +/wv offspring. 
In both series, mice were killed and the brains were fixed by 
cardiac perfusion for 15-25 min with a formaldehyde-glu- 
taraldehyde mixture in phosphate buffer (6, 7). Brains were 
examined at intervals between 3 and 21 days after birth, 
when cerebellar granule cells are forming and migrating, and 
at 3 months of age. Each brain was removed and bisected in 
the midsagittal plane. Three to four sagittal slices across one 
side of the cerebellum were processed for electronmicroscopic 
analysis; the other half of the brain was impregnated by a 
modification of the rapid Golgi method (6, 7). In a third 
series, progeny from several additional matings of C57BL 

6J-+ /wv mice were injected once each with 5 wCi/g of [*H]- 
thymidine between 3 and 21 days after birth and were killed 
1 hr and either 1, 2, 5, or 10 days later; sections of cerebellum 
were processed for autoradiography (17). 

Up to the third day after birth animals show no differences 
in cerebellar size, gross morphology, or cytoarchitectonic 
organization. As noted previously (16), the differences be- 
tween normal, heterozygous, and homozygous animals appear 
at the fourth day, the age when granule cells begin to migrate 
inward from the external granular layer. Specimens taken 
at 10 days, when granule cell proliferation and migration 
reaches a peak (8), demonstrate the developmental defect 
vividly (Fig. 1). The cerebellar cortex in homozygous wild- 
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Fic. 1. Schematic drawing of the developing cerebellar cortex in 10-day-old wild-type (A), heterozygous (B), and homozygous weaver 
(C) littermates. To highlight the main effects of the wv allele, the drawing has been grossly simplified by omitting dendrites and axons of 


Purkinje and granule cell neurons, and omitting entirely the other cell classes and afferent axons of the cerebellar cortex. 
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type (+/+) animals (Fig. 14) shows granule cells descending 
through the molecular layer along straight, vertically oriented 
Bergmann glial fibers and undergoing the same complex 
morphogenetic transformations that were reconstructed 
three-dimensionally for developing monkey cerebellar cortex 
(6). In 10-day old heterozygous (+ /wv) littermates the gross 
size of the cerebellum is reduced by 5-10%. Cytologically it is 
clearly distinguishable from normal (Fig. 1B). The external 
granular layer is somewhat disarranged and occasionally 
wider than in control specimens. Purkinje cells are less strictly 
aligned, the granular layer is much thinner than in the control, 
and the molecular layer is narrower but contains about a 3- 
fold excess of cell bodies per unit volume (Fig. 1B). Electron- 
microscopic examination establishes that these cell bodies 
belong to young granule cells, although the oval or round 
shape of many of them is a departure from the usual bipolar 
form of cell bodies that are in transit across the developing 
molecular layer. Those cells that do show typical somas appear 
to be properly aligned with normal Bergmann glial fibers 
(Fig. 2A). However, many of the cells that have anomalous 
shapes lie contiguous with abnormal glial processes. Others 
appear to have lost their direct contact with a glial cell and 
are in various stages of degeneration (Fig. 1B). The increased 
number of granule cell somas and the rounded, rather than 
bipolar, shapes are consistent with a delay in translocation 
across the molecular layer, as found by Rezai and Yoon (16). 

A dramatic finding in +/wv mice is an alteration in many 
Bergmann glial cells. The cell bodies and proximal segments 
of the cytoplasmic processes in the molecular layer appear 
normal, but the distal half of the Bergmann fibers are often 
2- to 4-times larger in diameter than normal and show vari- 
cose, irregular contours (Figs. 1B and 2B). The enlarged 


12) 


(A) In normal 


mice, cells migrate (arrows) from the external granular layer (EG) to the granular layer (@) along straight, radially oriented Bergmann 
glia (black cells) whose cytoplasmic processes span the entire thickness of the molecular layer (7). (B) In heterozygous mice, a smaller 


than normal number of granule cell somas becomes successfully translocated. Many are oval or round and lie in contact with thickened 


and irregular Bergmann glial fibers; some of these granule cells remain permanently in the molecular layer or degenerate (fragmented 
cells). (C) In homozygous affected weavers, almost no granule cells descend deep to the Purkinje cell bodies and, instead, most of them 


degenerate at the border between the external granular layer and the molecular layer. 
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Fic. 2. Electronmicrographs of comparable regions of cerebellar cortex from weaver heterozygotes (+ /wv) (A—E) and homozygotes 
(wv/wv) (F) at various ages. (A) Bipolar-shaped part of a migrating cell (MC) passing inward (arrows) from the external granular layer 
(EGL) across the molecular layer (ML); through the whole length of the picture this young granule cell neuron is closely apposed to a 
Bergmann glial process (BG) and appears to ignore the other cell processes that cross its path (asterisks); 10-day-old heterozygous mouse. 
(B) Purkinje cell dendrite (PD) penetrates the external granular layer (EGL), although they never do so in normal specimens; the dendrite 
lies adjacent to an enlarged Bergmann glial fiber (BG) and terminates among glial endfeet (EF). Attenuated glial cytoplasmic processes 
separate the Purkinje and other cell processes from the external surface; 11-day-old heterozygous animal. (C) Abnormally positioned 
Purkinje dendrites (PD) in a heterozygous animal are identified by several normal features, such as multivesicular bodies (arrow), synapses 
on dendritic shafts (crossed arrow), and dendritic spines (asterisk); however, in areas such as this where granule cell axons are missing, the 
dendritic spines are devoid of synaptic contacts. (D) Many of the Bergmann glial fibers (BG) in heterozygous animals are enlarged and 
are composed of unusually electronlucent cytoplasm with numerous empty vacuoles (V). (EZ) The vacuolization (V) is more severe in 





Proc. Nat. Acad. Sci. USA 70 (1978) 


Impaired 
migration of 
granule cell 
neurons 


Abnormal 
Bergmann glia 


Severe failure 


of migration 
of granule 
cell neurons 


Almost absent 
Bergmann glia 


— 


Fic. 3. 


Ps granule cells an 


Weaver Mutant Mouse Cerebellum 243 


Death of some 

Reduced thickness 
of granular layer; 
slight reduction 

in cerebellar 


"ie z size 


Persistence of 
some granule ~ 
cells in 

molecular layer 


Clinical 
ataxia, 
hypotonia 
and fine 
tremor 
reduced 
body size 


Marked 
Death of malformation 
most and size 
reduction 
of cerebellum 


granule cells 


Diagram suggesting a likely causal sequence in the main phenotypic expressions of the weaver mutation. The dotted lines and 


question marks at the left indicate lack of information on the primary action and target cell of the wv genetic locus. 


profiles are electronlucent and contain numerous empty 
vacuoles of various sizes (Fig. 2D). Purkinje cell dendrites 
are closely entwined with some of these altered glial fibers 
and penetrate the full thickness of the external granular 
layer (Fig. 2B,C). The Purkinje cells develop numerous den- 
dritic spines despite the lack of contact with granule cell 
axons. Dendritic spines not only form in the absence of the 
usual presynaptic element, but they are then maintained 
indefinitely in the absence of any direct synaptic input. 

Cerebella of 10-day-old wv/wv littermates are about one- 
quarter to one-third the normal size, i.e., about the size of 
normal 3-day cerebella. Cytoarchitecturally they are very ab- 
normal. The external granular layer is indistinct. Postmitotic 
granule cells are concentrated in irregular vertical stacks in 
which many cells, particularly the deeper ones, are degener- 
ating (Figs. 1C and 2F). Purkinje cells form a layer several 
rows thick, and there are virtually no granule cells in the 
usual zone below them (Fig. 1C). Radial Bergmann glial 
fibers are very rare, though not absent. Whereas ‘n the normal 
cerebellum at this age the endfeet of Bergmann fibers form 
an almost continuous sheet at the external surface, the re- 
duced number of Bergmann fibers in the homozygous affected 
weavers leaves large areas without an external glial coat. The 
radial alignment of migrating granule cells along glial fibers, 
an intercellular relationship so frequently encountered in 
ultrathin sagittal sections of the developing +/+ or +/wv 
specimens, has not been observed in extensive sampling of the 
medial parts of the wv/wv cerebellum. 

At subsequent developmental stages, cerebellar cyto- 
architecture in the heterozygotes somewhat improves. Many 
of the granule cells do eventually succeed in crossing the 
molecular layer and reach the granular layer. However, some 
granule cells remain permanently in the molecular layer, and 
the granular layer never attains normal thickness. In homo- 
zygous affected mice, abnormalities become even more severe 
at later developmental stages. Most of the postmitotic granule 


cells that accumulate just below the proliferating cells in the 
external granular layer degenerate and completely disappear. 
Only a few granule cells, particularly in the most lateral parts 
of the cerebellar hemispheres, descend among the multi- 
layered Purkinje cell somas. Those granule cells that do 
survive in the heterozygous and homozygous mutants form 
morphologically normal synaptic connections with mossy 
fibers, Golgi II neurons, and spines of Purkinje cell dendrites. 

Our autoradiographic studies, confirming and amplifying 
those of Rezai and Yoon (16), illustrate further the dramatic 
disturbance of cell migration. One hour after [*H |thymidine 
injection on P9 (Postnatal day 9) or P13, the labeling index 
(% labeled cells) in the external granular layer is normal or 
increased in +/wv and wv/wv. (The apparently increased 
labeling index in the homozygous weaver probably reflects 
increased death of unlabeled cells.) 2 Days after injection on 
P10, somas of heavily labeled cells are in transit across the 
molecular layer in +/+ animals, but lie predominantly in 
the deepest zone of the external granular layer in wv/wv mice. 
5 Days after labeling on P9 or P10, most of the heavily 
labeled cell bodies in the normal cerebellum have entered the 
granular layer as described earlier (8); in the heterozygote, 
by contrast, about half or more still lie in the molecular layer, 
whereas in the wv/wv cerebellum, only rare labeled cells have 
left the external granular layer. At 10-12 days after injection 
on P10 to P12, labeled cells again lie mainly in the granular 
layer in the +/+ cerebellum and are in the molecular and 
granular layers in +/wv, while few labeled cells persist in 
the wv/wv specimen. Heterozygotes at 10 and 11 days after 
injection show a lower percentage of their labeled cells in 
the granular layer than wild-type animals at 5 days after 
injection. 

The interval between cell generation and cell death was 
estimated by recording the percentage of pyknotic nuclei 
labeled in +/wv and wv/wv specimens killed at various times 
after a single injection of [°H }thymidine on P9, 10, 11, or 12. 





some areas and is accompanied by degeneration of the Bergmann fiber shafts (BG) in the molecular layer (ML) and endfeet (EF) spread- 
ing at the external surface of the cerebellum; 3-week heterozygous mouse. (F’) Completely disarranged external granular layer in 10-day- 
old homozygous animal. This field shows one of the few Bergmann glial fibers (BG) present in the homozygous weaver cerebellum and 
also illustrates a representative Purkinje dendrite (PD) abnormally penetrating the markedly reduced external granular layer. Super- 
imposed on the dendrite section are numerous profiles of dendritic spines lacking synaptic inputs. Degenerating cells (DC) are usually 
concentrated, as here, at the inner border of the external granular layer, where postmitotic granule cells have become stacked up through 
failure of their somas to translocate across the molecular layer. 
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1 Hr, 1 day, and 2 days after injection pyknotic nuclei are 
unlabeled, whereas 5 days after injection up to 10% of the 
pyknotie nuclei in both +/wv and wv/wv specimens are 
labeled; at 10-12 days almost all pyknotic nuclei again are 
unlabeled. Thus, cell death occurs in the mutant several days 
after cell genesis on the average, i.e., at a time when cell 
migration is already completed in normal mice. The failure of 
migration, then, precedes cell death and, as already suggested 
(16), may be a causal antecedent. 

It is more difficult to establish whether the neuron migra- 
tion disorder is traceable to the Bergmann glial defect or 
vice versa. The two are clearly proportional, in that (7) gran- 
ule cell migration is slowed along abnormal glial fibers in 
heterozygotes and fails completely where Bergmann fibers 
are absent in homozygotes, and (it) the defects parallel each 
other regionally within a given cerebellum. 

We would argue from principles of pathology that the glial 
change is the cause of neuronal death rather than the reverse. 
If the Bergmann glial fibers were enlarging in response to 
granule cell death, one would expect them to contain the 
increased concentration of cytoplasmic fibrils characteristic 
of reactive glial cells (18), but instead they appear electron- 
lucent and vacuolated (Fig. 2). Also, reactive glial cells 
persist indefinitely whereas many of the Bergmann cells in 
the mutant cerebellum die. A further argument against a 
nonspecific glial reaction is that other mutants, staggerer and 
reeler, on the C57BL background show increased death of 
young granule cells but do not display the weaver-type of 
Bergmann glial abnormality (ref. 19, and unpublished ob- 
servations). Our speculations on the probable causal se- 
quences in phenotypic expression are summarized in Fig. 3. 

Comparison with other mutants also gives insight into a 
possible reason why the nonmigrating granule cells die in- 
stead of merely persisting near their site of genesis in the 
external granular layer. In staggerer, the granule cell—Berg- 
mann glial relationship appears normal and migration pro- 
ceeds properly, but the Purkinje cells fail to form dendritic 
spines, the granule cells fail to make synapses on Purkinje 
cells (though they do synapse on their other usual targets), 
and the granule cells secondarily die (Landis and Sidman, 
in preparation). In reeler, many populations of neurons are 
malpositioned, but only cerebellar granule cells are signifi- 
cantly reduced in number (14, 15); this reduction results in 
part from a decrease in granule cell genesis, but it appears in 
addition that those granule cells die that fail to contact Purk- 
inje cells (Rakie and Sidman, unpublished observations). In 
another mutant, nervous, Purkinje cells die several weeks 
after birth, and in lateral areas of the cerebellum where the 
Purkinje loss is most severe, granule cells disappear secon- 
darily (20). These data and our present findings in weaver, 
while clearly incomplete, are consistent with the view that 
young granule cells may be unusual among neurons in de- 
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pending for their very survival upon establishment of effec- 
tive contacts with Purkinje cells. 

The causal chain suggested in Fig. 3 is deliberately ambig- 
uous at the left side. The primary action and target cell of 
the wv gene are unknown. The gene dosage effect, i.e., the 
early expression of a Bergmann glial abnormality in heterozy- 
gotes and the near absence of these cells in homozygotes, im- 
plies that this phenotypic expression is likely to be reasonably 
close to the direct action of the wv genetic locus. Weaver is the 
first mammalian neurological mutant to show a dosage effect 
at the cellular level. 


This study was supported by U.S. Public Health Service Grant 
NS 08359. We are grateful to Mrs. P. Lane, Jackson Laboratory, 
Bar Harbor, Maine for mice produced with the support of Na- 
tional Science Foundation Grant GB 27487. The origin of the wv 
mutation was described by Lane (1964) in Mouse News Letter 30, 
32 (personal communication). 
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ABSTRACT Evidence is presented that DNA poly- 
merases from human leukemic cells are mutagenic. 
Nucleic acid-free extracts of acute lymphoblastic leukemic 
cells polymerized about 10-times more dCTP using poly- 
(dA-dT) - poly(dA-dT) as a template than did extracts from 
normal lymphocytes. Mutagenic DNA polymerases could 
perhaps play an important role in tumor progression. 





We have started to inquire whether DNA synthesis in malig- 
nant cells is less exact than in normal cells. Some of the char- 
acteristics of tumor progression (1), namely, (a) continuing 
evolution of new cell variants, (6) uncontrolled cellular pro- 
liferation, and (c) increasing number of chromosomal aber- 
rations, suggest that as malignant cells become progressively 
anaplastic there is an accumulation of errors in genetic in- 
formation. 

For study of the fidelity of in vitro DNA synthesis, human 
lymphocytes offer several advantages. Leukemic lymphocytes 
of the acute “blastic’’ type have considerable DNA poly- 
merase activity. DNA polymerase activity in normal lym- 
phocytes can be increased 30- to 200-fold by stimulating 
them with phytohemagglutinin (2). This increase parallels 
the ability of these lymphocytes to incorporate thymidine 
into DNA, suggesting that the polymerase measured in vitro 
functions in chromosomal replication. Thus, there is suf- 
ficient polymerase activity in normal stimulated lympho- 
cytes and their malignant counterparts to analyze and com- 
pare the exactness of DNA synthesis. The exceptionally low 
deoxyribonuclease activity in these cells facilitates meaning- 
ful experiments with partially purified enzymes (2). We have 
chosen to investigate the fidelity of DNA synthesis using 
peripheral blood lymphocytes rather than cells from long- 
term tissue culture in order to relate our findings more directly 
to the biology of the disease state. In these initial experiments 
we measured the ability of “nucleic acid-free extracts’ of 
stimulated normal and leukemic lymphocytes to exactly 
copy the base sequences of the synthetic homopolymers poly- 
(dA-dT) - poly(dA-dT) and poly(dG) - poly(dC). 


METHODS 


Enzymes. Lymphocytes from normal donors and from 
patients with acute lymphatic leukemia were purified as 
described (2). Leukemic lymphocytes were obtained from 
untreated patients with white blood cell counts greater than 
40,000 cells per mm?. Even though acute leukemic lympho- 
cytes are probably not stimulated by phytohemagglutinin, 
both the normal and leukemic cells were cultured with phyto- 
hemagglutinin for 3 days (3). Cell-free extracts were obtained 
by disruption of the cells with repeated freeze-thawing, elim- 
ination of DNA by phase extraction (4, 5), and exhaustive 


dialysis against 20 mM Tris-HCl (pH 7.8) containing 4 mM 
2-mercaptoethanol-l mM EDTA-20% glycerol. Samples 
could be stored at —70°C with negligible loss of polymerase 
activity for at least 1 week. Homogeneous Escherichia coli 
DNA polymerase I was prepared by the method of Jovin 
et al. (6). Homogeneous T4 phage DNA polymerase was the 
generous gift of Dr. Paul Englund. Protein was determined 
by the method of Lowry et al. (7). 


Polynucleotides. Poly(dG)-poly(dC) was purchased from 
Collaborative Research. Poly(dA-dT)- poly(dA-dT) was syn- 
thesized by the de novo reaction of E. coli polymerase I. 


DNA Polymerase Activity. To measure the fidelity with 
which poly(dA-dT)-poly(dA-dT) is copied in lymphocyte 
extracts, we measured the incorporation of correct nucleo- 
tides (AATP and dTTP) and incorrect nucleotides (dGTP 
or dCTP) in separate assays using the same enzyme prep- 
arations. For determination of total synthesis, a standard 
reaction mixture was used containing in a total volume of 
0.2 ml: 13.0 4M [*H ]dTTP (1500 dpm/pmol), 12.5 4M dATP, 
20 uM dCTP, 1 mM MgCh, 100 mM Tris-HCl (pH 7.8), 
and 92 uM phosphorus of poly(dA-dT)-poly(dA-dT). The 
concentration of metal ion and template used gave maximum 
incorporation with both normal and leukemic extracts. As- 
says were initiated with 0.10 ml of enzyme and incubated 
at 37° for 6 hr, the maximum incubation period during which 
linear incorporation was observed. For measurement of dCTP 
incorporation, identical reaction mixtures were used except 
that they contained unlabeled dATP and dTTP and 20 uM 
[3H JdCTP (28,030 dpm/pmol). Incorporation was stopped by 
addition of 400 ul of 0.1 N perchloric acid containing 0.05 
M NasP:O; (Acid Stop Solution). The mixture was incubated 
for 2 min; 100 ul of 0.2 M NaOH-50 mM NaeP:O; was added 
followed by 100 ul of carrier DNA (1 mg/ml of denatured 
calf-thymus DNA) and then 600 ul of Acid Stop Solution. 
To aid in washing the assays, 100 ul of unlabeled 0.05 mM 
carrier (CTP was also added. Samples were centrifuged at 
5000 X g for 10 min, and the supernatant was discarded. 
The precipitated DNA was solubilized with 0.2 M NaOQH-50 
mM Na:zP:0; and then.precipitated with acid. This procedure 
was repeated three times. Finally, the DNA was washed onto 
a Whatman GF/C filter dise with aliquots of cold HO and 
20 ml of cold Acid Stop Solution, followed by 10 ml of ethanol. 
This disc was then placed in a scintillation counting solution 


“[Toluene-2,5-diphenyloxazole(PPO)] for determination of 


radioactivity. Determinations were done in triplicate or quad- 
ruplicate, and the results given are the average after sub- 
traction of controls without added poly(dA-dT) - poly (dA-dT) 
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TaBLE 1. Incorporation of dCTP with 
poly(dA-dT) - poly (dA-dT) 





Correct Incorrect 
nucleotide nucleotide 
incorpo- _incorpo- Level 
ration ration of 
(pmol) (pmol) infidelity 


Enzyme source 





Normal lymphocytes 
Donor 1 439 0.092 4800 
, 51 0.025 1990 
221 0.064 3460 
335 0.056 5980 
309 <0.01 30,900 


6 382 0.091 4200 


Acute lymphatic 
leukemic 
Patent 1 5 0.11 480 
2 3 0.43 250 
3 0.35 540 
4 58 0.069 850 
E. coli DNA poly- 
merase I 84: <0.01 <1/184,300 
T4 phage DNA poly- 
merase 


1/11,500 





template. For dGTP incorporation, conditions similar to 
those described above were used except for the presence of 
20 1M dGTP in incorporation experiments for correct nucleo- 
tide and 20 uM ['H|]dGTP (26,360 dpm/pmol) in incorpora- 
tion experiments for incorrect nucleotide. 

In assays with homogeneous £. coli polymerase I, incor- 
poration of correct and incorrect nucleotides into poly(dA- 
dT)-poly(dA-dT) was measured as described above except 
for the presence of 40.2 uM [8H ]dTTP (147,790 dpm/mmol), 
40 uM dATP, 20 uM dCTP, 5mM MgCl, and 219 uM phos- 
phorus of poly(dA-dT)- poly(dA-dT). Reactions were initi- 
ated with 2.5 units of enzyme and incubated for 10 min at 
37°. With T4 phage DNA polymerase, conditions were similar 
to those for EF. coli except for the presence of 10 mM 2-mer- 
captoethanol, 10 mM ammonium sulfate, 2 mM MgCl, 100 
mM Tris-HCl (pH 8.6), and correct nucleotides at concen- 
trations of 100 uM each. The mixtures were incubated for 
45 min at 30°, and each contained 10 units of enzyme. 


Hydrolysis of the DNA Product. The DNA product was 
digested to 5’-mononucleotides by the combined action of 
pancreatic DNase and snake venom phosphodiesterase (8). 
The 5’-mononucleotides were separated by thin-layer chro- 
matography (9). 


RESULTS 

Fidelity of poly(dA-dT)-poly(dA-dT) replication 

Cell-free extracts were prepared from acute leukemic lym- 
phocytes and from normal lymphocytes grown with phyto- 
hemagglutinin. The cells were disrupted by repeated freezing 
and thawing, and the DNA was removed by phase extrac- 
tion (4, 5). For measurement of the exactness of DNA rep- 
lication, experiments were performed with poly(dA-dT)- 
poly(dA-dT) as template in the presence of highly radio- 
active dGTP or dCTP and unlabeled dATP and dTTP. 
Both the normal and leukemic extracts catalyzed the in- 
corporation of incorrect bases into poly(dA-dT) - poly(dA-dT) 
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(Table 1). Replication with leukemic extracts, however, 
appeared to be less exact than replication with normal ex- 
tracts. For dCTP incorporation, this result is indicated by 
an average level of infidelity about 10-fold greater for leukemic 
preparations (1/250-1/850) as compared to that of the nor- 
mal lymphocyte enzymes (1/1990-<1/30,000). The observed 
differences in the exactness of poly(dA-dT)-poly(dA-dT) 
synthesis does not appear to be due to nonspecific factors— 
activators or inhibitors present in excess in either the normal 
or leukemic preparations. We demonstrated this hypothesis 
by mixing the normal and leukemic enzymes and subsequently 
observing that the level of infidelity of the combined prep- 
aration was intermediate to the value obtained with the 
individual extracts (Table 2). Preliminary experiments were 
also done that measured the incorporation of dGTP into 
the poly(dA-dT)-poly(dA-dT) template. The data we ob- 
tained so far with this nucleotide do not permit any conclu- 
sions to be drawn as to the relative levels of infidelity. 


Fidelity of poly(dG)-poly(dC) replication 

In experiments with poly(dG)- poly(dC) as template, dATP 
and dTTP were labeled with tritium while dGTP and dCTP 
were not labeled. The major feature of polymerization of 
poly(dG)-poly(dC) was that far fewer incorrect nucleotides 
were incorporated with either the normal or leukemic ex- 
tracts as compared with polymerization with poly(dA-dT) - 
poly(dA-dT). The level of infidelity with dTTP and dATP 
by both normal and leukemic extracts was generally less than 
1 in 50,000, the lower limit of detection in these assays. 


Control experiments 

To discount the possibility that the “errors in DNA synthe- 
sis’ we observed with lymphocyte extracts were actually 
only a consequence of chemical contamination of either the 
templates or labeled nucleotide, the fidelity of homogeneous 
preparations of E. coli polymerase I and T4 phage DNA 
polymerase was tested with the same reagents. With poly- 
(dA-dT) - poly(dA-dT) as template, the FE. coli enzyme made 
less than 1 error in 100,000 nucleotides polymerized (Table 1). 
T4 phage DNA polymerase replicated the homopolymers 
with less precision. Polymerization of poly(dA-dT) -poly- 
(dA-dT) appeared to have about 1 incorrect base incorporated 
for 10,000 correct bases polymerized, in agreement with the 
results of Hall and Lehman (10). Thus, contamination of 
reagents was not responsible for the errors that we observed 
with the various enzymes. This conclusion is further sup- 


TABLE 2. Fidelity of copying poly(dA-dT)-poly(dA-dT) with 
a mixture of normal and acute leukemic extracts 





Level of 

infidelity 

(% total 
incorporation ) 


dGTP 


Units of 


poly- 
meraset 


Enzyme source* 





Normal 
Acute leukemic 
Normal + acute leukemic 





* DNA polymerase extracts. Normal, donor 1; acute leukemic, 


patient 2. 
t One unit of enzyme is that which polymerized 1 pmol of 


nucleotide in 6 hr. 
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ported by the finding that a decrease in the specific activity 
of labeled dCTP and dTTP 5-fold by addition of appropriate 
unlabeled nucleotide led to a 4- to 6-fold decrease in the *H 
counts incorporated. In order to show that the incorrectly 
incorporated nucleotide was actually deoxycytidylic acid, 
we degraded the product of the reaction to deoxyribonucleo- 
side 5’-monophosphates by hydrolysis with pancreatic DNase 
and snake venom phosphodiesterase. Subsequent chromatog- 
raphy identified over 80% of the incorporated *H label as 
dCMP. 

In order to determine if dCTP was indeed incorporated 
into poly (dA-dT) - poly(dA-dT), we studied the requirements 
for incorporation of both correct and incorrect nucleotides 
(Table 3) and characterized the product of the reaction. 
Table 3 shows that the requirements for correct and incor- 
rect base incorporation are similar and typical for DNA poly- 
merases. Without an added metal cofactor (Mg?*) or with 
heated extracts there was no detectable incorporation of 
either the correct or incorrect deoxynucleotides. Without 
the added polynucleotide templates, incorporation of in- 
correct nucleotides was less than 20% of the values observed 
with the complete reaction mixtures. Correct nucleotide 
incorporation in the absence of poly(dA-dT)- poly(dA-dT) 
was less than 0.05% of that obtained with the complete re- 
action mixture. Thus, any native DNA that might be a con- 
taminant is not the template for polymerization of either 
correct or incorrect deoxynucleotides. As would be expected 
if the added poly(dA-dT)- poly(dA-dT) serves as template, 
equal amounts of [7H|JdATP and [a-**P|dTTP were incor- 
porated into the DNA product in each extract. 

Supporting evidence that dCTP was polymerized into 
the added poly(dA-dT) - poly(dA-dT) template was provided 
by analysis of the product of the reaction by cesium chloride 
density gradient centrifugation (Fig. 1). The product of the 
reaction banded at a density expected for that of poly(dA- 
dT)- poly(dA-dT), indicating that both the correct nucleo- 
tide ({a-**P ]dTTP) and the incorrect nucleotide ({*H }dCTP) 
are indeed incorporated into this polynucleotide. Neither 
correct nor incorrect nucleotides were incorporated into DNA 
in incubation mixture lacking the poly(dA-dT) - poly(dA-dT) 
template (Fig. 1C). 

In order to determine the position of the incorrect bases 
in the polynucleotide product, we studied the relations be- 


TABLE 3. Reaction requirements for correct and incorrect 
nucleotide incorporation with poly(dA-dT) - poly(dA-dT) 





Acute 
Normal leukemic 
(% incorporation) (% incorporation ) 


Reaction mixture dTTP dCTP dTTP dCTP 


Complete 100 100 100 100 

(330 (0.06 (150 = (0.30 

pmol) pmol) pmol) pmol) 
0 0 0 0 


Minus enzyme 
Minus poly(dA-dT)- 
poly(dA-dT ) <0.05 1627 <0.05 2024 
Minus Mg** 0 0 0 0 
Minus dATP and dTTP -- 13 + 11 - 12 
Heated enzyme 0 0 0 0 





Results given as mean + SEM. 
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Fic. 1. Neutral cesium chloride density gradient centrifuga- 
tion of the product of the reaction with DNA polymerase from 
patient 4. Five standard assays with [a-**P)dTTP (25 dpm 
pmol) and [*H]dCTP (9300 dpm/pmol) were combined. The 
polynucleotide product was precipitated five times, after which 
it was suspended in 0.1 M Tris-HCl (pH 7.3) containing 0.1 mM 
EDTA and cesium chloride (final density, 1.700) in a final volume 
of 4.0 ml. The solution was centrifuged for 80 hr at 35,000 
rpm (147,000 x g) at 20°. About 0.1-ml fractions were collected 
from the top of the tube, and the radioactivity was determined. 
Separate gradients contained: (A) marker DNA consisting of 
*H-labeled poly(dA-dT)-poly(dA-dT) and *H-labeled T3 phage 
DNA (50% G+C); (B) complete reaction mixture; (C) reac- 
tion mixture without added poly(dA-dT )-poly(dA-dT). 


[34 ]aCMP INCORPORATION (CPM) e—e 














tween correct and incorrect base incorporation. Polymer- 
ization of both correct and incorrect bases were proportional 
to time and to protein concentration for all of the enzyme 
preparations. Representative data with a normal lymphocyte 
extract is shown in Fig. 2. Moreover, variation in protein 
concentration did not significantly alter the misincorpora- 
tion ratio of incorrect bases into the poly(dA-dT) - poly(dA- 
dT) product (Fig. 2, inset). Since the extent of incorrect base 
incorporation closely paralleled incorporation of the correct 
bases, the observed infidelity does not appear to indicate 
solely the addition of a few bases to the end of polynucleo- 
tide chains. If incorporation of dCTP into poly(dA-dT)- 
poly(dA-dT) was merely a result of terminal labeling, the 
omission of correct nucleotide would not be expected to have 
grossly affected the extent of incorrect nucleotide incorpora- 
tion. On the other hand, if the incorrect bases were poly- 
merized into the poly(dA-dT)-poly(dA-dT) template in 
concert with the correct base, omission of dATP and dTTP 
should severely limit incorrect nucleotide incorporation. We 
found that dCTP incorporation without dATP and dTTP 
was only 0-28% of the incorporation observed in assays con- 
taining the correct nucleotides (Table 3). These correlated 
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Fic. 2. Effect of protein concentration on correct and in- 
correct nucleotide incorporation. Normal human lymphocyte 
polymerase from donor 1 was used. The assay procedure was 
identical to that in Table 1 except that all reaction components 
were present in 2-fold greater quantity. Jnset presents the ratio 
of correct nucleotides incorporated (dATP and dTTP) to incor 
rect nucleotide (dCTP) incorporated plotted against prctein 
concentration. 


results suggest that terminal labeling was not responsible for 
incorrect nucleotide incorporation. In another kind of ex- 
periment, the DNA product was labeled with [a-**P]dTTP 
and |*H|dCTP and hydrolyzed sequentially from the 3’- 
terminus with snake venom phosphodiesterase. Fig. 3 shows 
that the time release of correct (AT MP) and incorrect (dC MP) 
nucleotides closely paralleled each other, indicating that 
dCMP was distributed evenly throughout the entire product. 
DISCUSSION 

If hydrogen bonding between bases alone was responsible 
for the fidelity of DNA synthesis it would not be reasonable 
to expect differences in the exactness with which normal 
and leukemic polymerases copy poly(dA-dT) - poly(dA-dT). 
Rather, it would seem more likely that the precision of DNA 
synthesis would be similar for all polymerases, regardless 
of source. Theoretical considerations predict that precise 
DNA synthesis requires base-pairing specificity of greater 
energy than that provided by hydrogen bonding alone. For 
example, the ionization and spontaneous tautomerization 
of bases are capable of promoting transitions in one out of 
every hundred base pairs (11) during replication of DNA. 
Moreover, it has recently been demonstrated (12) that mono- 
nucleotides exhibit a degree of hydrogen bonding specificity 
that cannot account for the fidelity of DNA synthesis with 
several prokaryotic polymerases (10, 13) or for the results 
reported in this paper. 

Two distinct mechanisms by which DNA replication 
enzymes could participate in guaranteeing the genetic code 
have been proposed. These are: (i) base selection during 
polymerization (14, 15) and (ii) editing the errors after poly- 
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merization by nuclease activity (15). Nuclease activity of 
prokaryotic DNA polymerase has a role in fidelity of DNA 
synthesis. E. coli polymerase I and T4 phage polymerase, 
for example, excise mismatched bases (16, 17). T4 phage 
containing anti-mutator genes that decrease spontaneous 
mutation rates have enhanced nuclease—polymerase activity 
(18). These data are interpreted as suggesting that the fidelity 
of in vivo replication in T4 phage is dependent on the relative 
rates of insertion and removal of nucleotides during poly- 
merization. However, exonuclease activity does not appear 
to be invariably associated with prokaryotic DNA poly- 
merases and has not been reported to be a prominent con- 
stituent of animal DNA polymerases. Other repair enzymes 
may be operative in eukaryotic cells. The data presented 
here do not allow us to choose between the possibilities’ of 
deficits in base selection or decreased editing of errors as an 
explanation of the observed increased infidelity with the 
leukemic extracts. Even with homogeneous enzymes this 
distinction may be difficult if a polymerase enzyme has both 
activities. 

We envision that the major consequences of base pairing 
errors during DNA replication in leukemic cells, and perhaps 
in other types of cancer, would be that of promoting an in- 
creased mutation frequency. It seems probable that these 
random genetic changes would result in cellular alterations, 
some of which would have selective value for proliferation in 
the host. Lethal and neutral mutations, of course, would also 
occur. The lethal mutants will perish and, therefore, are only 
of minor significance. Those cells with neutral mutations will 
survive and be capable of undergoing subsequent genotypic 
changes, the nature of which will determine their importance 
in tumor progress. A central correlate of this hypothesis is 
that malignant cells, even from a single type of neoplasia, 
will eventually develop a wide range of variation. Many 
reports indicate that most tumor cell populations show marked 
variation with continuing proliferation (1, 19, 20). 

The most direct explanations for the differences in the pre- 
cision of homopolymer replication between normal and leu- 
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Fic. 3. Digestion of the DNA product of DNA polymerase 
from patient 4 with snake venom phosphodiesterase. Five stan- 
dard assays with [a-**P]dTTP (25 dpm/pmol) and [*H]dCTP 
(28,030 dpm/pmol) were combined. The acid-insoluble products 
were washed as in Methods, except that after 3 successive pre- 
cipitations, they were dissolved in 2.5 ml of 0.1 M Tris-HCl (pH 
7.5) containing 5 mM MgCl and 5 ug of 3’-snake venom phos- 
phodiesterase. At intervals, 250-yl aliquots were removed, and 
the acid-soluble radioactivity was determined. 
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kemic extracts are (7) the presence of a viral DNA polymerase 
in leukemic cells or (ii) the presence of an altered cellular 
polymerase that is faulty in base selection. It is now impor- 
tant to determine the precision of homopolymer replication 
with RNA-directed DNA polymerases from animal tumor 
viruses. A conclusive demonstration that any cellular DNA 
polymerases are actually modified awaits extensive purifica- 
tion of these enzymes. 
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ABSTRACT H-2° mice (DBA/1) do not make an anti- 
body response to a synthetic aminoacid polymer, (Glu, 
Ala,Tyrj), after an immunizing regimen that produces a 
good antibody response in mouse strains with other H-2 
alleles. Their thymocytes, however, show evidence of recog- 
nizing this antigen since they synthesize DNA when they 
meet the antigen in the spleen. This recognition event does 
not lead to memory production, as it does in genetic re- 
sponders, since the thymocytes fail to respond to a second 
immunization with (Glu,Ala,Tyrj). Nonresponder mice 
do make antibody to (Glu,Ala,Tyrjo) when they are im- 
munized with it complexed to an immunogenic carrier, 
but previous treatment with free polymer can temporarily 
abolish this response. Thus, we suggest that the basis for 
the unresponsiveness of these mice is that their T-cells 
(thymus-processed lymphocytes) have an inordinate pro- 
pensity to become (or to induce other cells to become) im- 
munologically tolerant. 





The immune response to several synthetic polymers of amino 
acids is genetically controlled. The gene loci that regulate 
the antibody response to these polymers have, so far, been 
inseparable from those that code for the major histocompati- 
bility antigens (1, 2). Although the cellular basis for the poor 
responsiveness of certain strains of mice and guinea pigs has 
not been completely clarified, several possibilities have been 
excluded. Since the deficit in nonresponder animals can be 
overcome by linking the antigens to immunogenic carriers, one 
may assume that the deficit is not due to an absence of a clone 
of antibody-forming cells (B-cells) with specificity for the 
antigens (3). Also, the macrophages of nonresponder animals 
appear to handle antigen normally (4, 5). Thus, by exclusion 
it would appear that the cellular basis for unresponsiveness of 
nonresponder mice lies in thymus-processed lymphocytes 
(T-cells). Recent evidence indirectly supports this view (6-8). 

We have attempted to examine the interaction of T-cells 
from nonresponder mice with antigen directly, using a re- 
cently established technique for measuring T-cell DNA syn- 
thesis (9). Thymocytes incorporate very little [!%I]dU into 
DNA after injection into lethally irradiated syngeneic mice 
unless they are stimulated with antigens that elicit a thymus- 
dependent immune response (9, 10). Thus, antigens such as 
polyvinylpyrrolidone and pneumococcal polysaccharide fail 
to stimulate a significant DNA synthetic response. 


Abbreviations: T-cells, thymus-processed lymphocytes; B-cells, 
bone marrow-derived cells that are the precursors of the cells 
that make antibodies; (Glu,Ala,Tyr), a synthetic linear copolymer 
of glutamic acid, alanine, and tyrosine. 


Our results show that thymocytes of nonresponder mice 
synthesize significant amounts of DNA when they meet the 
antigen in the spleen. Thus, we suggest the genetic deficit 
of these mice lies distal to the T-cell—antigen recognition 
event. 


MATERIALS AND METHODS 


Antigens. The antigen studied was a random linear co- 
polymer of glutamic acid, alanine, and tyrosine, Glu (60%), 
Ala (30%), Tyr (10%) (Glu,Ala,Tyri). It was prepared 
by base-initiated polymerization of N-carboxy anhydrides 
of the specific amino acids (11). The polymer was purified by 
dialysis and stored frozen until used. 

Sheep erythrocytes were maintained in refrigerated Alsever’s 
solution and washed three times before use. They were inocu- 
lated as a 20% suspension, intraperitoneally. 

Bovine-serum albumin was methylated for 24 hr at 5° with 
0.1 N methanolic HCl and then exhaustively dialyzed. The 
resultant methylated bovine-serum albumin at a concentra- 
tion of 5 mg/ml was added by drops, with stirring, to a solu- 
tion (Glu,Ala,Tyrio) (1 mg/ml H.O) containing trace amounts 
of (Glu,Ala,Tyri) labeled with !4I. When maximum floccula- 
tion and aggregate formation had occurred, the precipitate 
was centrifuged at 4°C and washed 3-4 times with 0.15 M 
NaCl, until the washings were free of radioactivity. 


Experimental Animals. All mice were from Jackson Labora- 
tories, Bar Harbor, Me. After arrival, they were kept in our 
colony for at least 1 week before use. DBA/2 (H-2*) and 
C57B1/6 (H-2*) were used as responder strains and DBA/1 
(H-29) as nonresponder (12). Recipients of thymocytes and 
mice used for antibody studies were 7- to 8-week-old male 
mice. Thymocyte donors were 5-week-old males. 


Cell Suspensions. Donor mice were killed by cervical dis- 
location and thymuses were carefully dissected out under 
sterile conditions. They were then gently squeezed between 
two sterile glass slides. The cell suspension thus obtained was 
filtered through three layers of gauze and washed twice in 
ice-cold sterile medium M-199 (Grand Island Biological Co., 
Grand Island, N.Y.) with 100 units/ml each of penicillin, 
streptomycin, and kanamycin and 10 units/ml of heparin. 
Viable cell counts were made with a hemocytometer by the 
trypan blue dye-exclusion method. 


Irradiation. A Siemens 250-kV machine with a 2-mm alu- 
minum filter was used for irradiation of recipients. They 
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were placed in a Plexiglass chamber on a rotating platform 
and received 900 R at a dose rate of 85 R/min. 


Cell Inoculations were given intravenously by tail vein, in 
a volume of 0.2 ml. 


Method of Immunization. In the studies of thymocyte DNA 
synthesis,, antigen was inoculated in sterile pyrogen-free 
saline intraperitoneally. In studies on antibody formation 
the (Glu,Ala,Tyri)—methylated bovine-serum albumin com- 
plex was emulsified, 1:1, in complete Freund’s adjuvant and 
10 wg of antigen was inoculated in the rear food pad in a final 
volume of 0.1 ml. 3 Weeks later mice were boosted intraperi- 
toneally with 10 ug of (Glu,Ala,Tyrio)—methylated bovine- 
serum albumin in saline. Serum was collected from individual 
mice 1 week later. 


Measurement of Antibodies. The antibody response was mea- 
sured by a modification of Herzenberg’s (13) antigen-binding 
assay with iodinated polypeptides as follows: 50 ul of phos- 
phate-buffered saline (110 mM NaCl40 mM Na phosphate, 
pH 7.2) containing 300 ug of nitrogen as ['*'1}polymer and 
1% bovine-serum albumin were added to 25 ul of 1:2 dilutions 
of mouse antiserum. After 1 hr at 37°, 500 ul of the appropri- 
ate dilution of a polyvalent antibody to mouse gamma- 
globulin, prepared in sheep, was added. A second 2-hr period 
of incubation at 37° was followed by a 30-min centrifugation 
at 3000 rpm (1000 X g). An aliquot (200 ul) of the supernatant 
was ‘counted in a well-type gamma scintillation counter 
(Nuclear Chicago Corp., Des Plaines, Ill.). The results are 
presented as the percent antigen bound by 25 ul of the 1:2 
dilution of mouse antiserum. Controls included normal mouse 
serum that bound 0-6% (Glu,Ala,Tyrio) and both rabbit 
and mouse antisera containing antibody against (Glu,Ala, 
Tyr) that bound 80-90% (Glu,Ala,Tyrw). 


Measurement of T-Cell DNA Synthesis. The technique used 
for measuring the response of thymus cells to antigen has 
been described (9). Briefly, lethally irradiated recipient mice 
were inoculated intravenously with 3-5 XxX 10’ syngeneic 
thymocytes and immunized with test or control materials 
intraperitoneally on the same day. At intervals thereafter, 
they were given 2 wCi of [!*I]dU (specific activity, 4 Ci/g; 
New England Nuclear Corp.). Essentially all of this thymidine 
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Fig. 1. DNA synthetic response (+SE) of DBA/1 (nonre- 
sponder) thymocytes to stimulation with test and control ma- 
terials in the spleens of lethally irradiated recipients. The bars 
show the response to the test materials minus the saline controls 
on the 3 days of study. A, (Glu,Ala,Tyr,); B, (Glu,Ala,Tyry). 
) (Glug,Tyrw); (--—-) (Glu, 
-) NaCl. 


(——) sheep erythrocytes; | 
Ala, Tyr); (—--) (Glu,Ala,Tyry); (- ++ 
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Fic. 2. DNAsynthetic response (+SE) of DBA /2 (responder) 
thymocytes to stimulation with test and control materials in 
the spleens of lethally irradiated recipients. See legend to Fig. 1 
for symbols. 


analogue that is not intimately associated with DNA is ex- 
creted within 12 hr (9). Thus, 24 hr after isotope injection, 
mice were killed and their spleens were counted for 5 min 
in a Nuclear Chicago gamma counter. The number of counts 
minus the background divided by the number of counts 
emitted by 2 wCi of isotope (% uptake) was taken to represent 
the amount of DNA synthesized by the inoculated cells on 
the day of isotope injection. In the experiments reported, 1% 
of isotope uptake yielded 8400-8600 counts per min (cpm) at 
the settings used. Background was less than 10 cpm. All re- 
sults presented are mean observations from four individual 


mice. 
RESULTS 


DNA synthetic response of thymocytes to a primary 
challenge with (Glu,Ala,Tyr) 


Nonresponder Mice. Spleen-localizing thymocytes from 
nonresponder mice (DBA/1) synthesized significant amounts 
of DNA in response to challenge with 100 yg of (Glu,Ala, 
Tyr) containing two different mol percents of tyrosine 
{(Glu,Ala,Tyrio) and (Glu,Ala,Tyr;)] (Fig. 1). The increase in 
isotope uptake produced by (Glu,Ala,Tyrio) immunization 
(versus saline controls) was statistically significant on all assay 
days, and that produced by (Glu,Ala,Tyr,) immunization was 
significant on days 2 and 3. We used a copolymer of glutamic 
acid and tyrosine (Glug, Tyrio) as one negative control since 
it is nonimmunogenic in mice (14). Another control, (Glu,Ala, 
Tyrio) polymer made of only p-amino acids, which is also 
nonimmunogenic at normal concentrations (15), was included 
in other experiments (data not shown), and did not produce a 
DNA synthetic response. The response of the thymocytes to a 
positive control (0.2 ml of a 20% suspension of sheep eryth- 


rocytes is also presented. 


Responder Mice. A similar experiment was performed with 
responder mice (DBA/2). The DNA synthetic response of 
their thymocytes to stimulation with all three polymers was 
indistinguishable from the saline controls, although the posi- 
tive control, sheep erythrocytes, elicited a significant re- 


sponse (Fig. 2). 
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Fic. 3. DNA synthetic response (+SE) of DBA/1 (nonre- 
sponder) thymocytes that had been passed through spleens to 
stimulation with test and control materials. The passaged cells 
had been immunized either with 100 ug of (Glu,Ala,Tyrio) (open 
bars) or with saline (hatched bars) in the spleens of lethally ir- 
radiated donor mice. A, sheep erythrocytes; B, (Glu,Ala,Tyrio); 
C, saline. 


DNA synthetic response of thymocytes to a second 
challenge with (Glu,Ala,Tyr) 

A seeming paradox exists; thymocytes from nonresponder 
mice respond to antigen while those from responder mice do 
not. Since thymocytes can synthesize significant amounts of 
DNA during tolerance induction (16), we investigated the 
possibility that tolerance was being induced in the thymus 
cells in the spleens of nonresponder mice. We inoculated 
syngeneic thymocytes into lethally irradiated recipients and 


injected half with 100 wg of (Glu,Ala,Tyri) and half with 
saline. 8 Days later we harvested the spleens and inoculated 
the recovered cells (on a one spleen—one recipient basis) into 
another group of syngeneic lethally irradiated mice, and 
measured the DNA synthetic response to antigen of these cells 
that had been passed through spleens. 


Nonresponder Mice. Immunized thymocytes from non- 
responder mice failed to respond to a second challenge with 
(Glu,Ala,Tyrio) (Fig. 3); indeed their response was poorer 
than the saline controls (reminiscent of the negative response 
produced by (Glu,Tyr) in normal thymocytes) (see Fig. 1), 
although the diminution was not statistically significani. The 
nonimmunized thymocytes that had been passed through 
spleens did not make a significant response to (Glu,Ala, 
Tyrio) either. The difference between these results and those 
obtained with nonpassaged thymocytes can be a function of 
cell dose; a significant loss of cells occurs. This loss is also 
exemplified by the small response (P < 0.05) in both immune 
and nonimmune cells to sheep erythrocytes (see Fig. 1). Of 
interest was the considerable increase in background DNA 
synthesis produced by the initial immunization with (Glu,- 
Ala,Tyrio). (The saline controls of (Glu,Ala, Tyr) “educated” 
cells against the saline controls of “uneducated” cells; P < 
0.02). This increase apparently was due to the increased DNA 
synthesis that occurred during the initial immunization (see 
Fig. 1), and that continued after cell transfer. 


Responder Mice. Responder thymocytes that had been 
passed through spleens and immunized against (Glu,Ala, 
Tyrio) made a striking response to a second immunization 
with (Gly,Ala,Tyrio) (P < 0.01) (Fig. 4). Their response to 
(Glu,Ala,T yr») was much greater than the response to sheep 
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erythrocytes (P < 0.02) (see Figs. 1-3). Also, in contrast to 
nonresponder mice, primary immunization with (Glu,Ala, 
Tyrio) did not result in an increase in background DNA syn- 
thesis, pointing up again the difference in the responses of 
responder and nonresponder mice to a primary confrontation 
with antigen. 


Effect of (Glu,Ala,Tyr) immunization on the antibody 
response to (Glu,Ala,Tyr)-methylated bovine-serum 
albumin) 

These results are compatible with the notion that both non- 
responder and responder thymus cells recognize (Glu,Ala,- 
Tyrio), but that the recognition event leads to paralysis in 
the nonresponders and to immunity in responders. 

We tested this possibility in the following manner. We gave 
normal responder (DBA/2 and C57B1/6) mice and non- 
responder (DBA/1) mice an intraperitoneal inoculation of 
100 wg of (Glu,Ala,Tyrio) in aqueous solution 5 or 10 days be- 
fore immunizing them with 10 ug of (Glu,Ala,Tyrio) coupled 
to an immunogenic carrier, methylated bovine-serum albumin. 
We have found (Glu,Ala,Tyrio)—methylated bovine-serum 
albumin to be immunogenic in both responder and non- 
responder mice (Merryman and Maurer, unpublished). 10 
ug of noncoupled (Glu,Ala,Tyrio) was inoculated intraperi- 
toneally at the time of immunization with (Glu,Ala,Tyri)- 
methylated bovine-serum albumin to prevent a breakage 
of tolerance, which is produced by altered antigens (17, 18). 
The breakage can be prevented by simultaneous inoculation of 
unaltered antigen (19). The results (Table 1) show that 
treatment with 100 ug of (Glu,Ala,Tyrio) 5 days before im- 
munization abolished the antibody response of nonresponders 
against (Glu,Ala,Tyri), but not that of responder mice. In- 
terestingly, the abolition was only temporary. By 10 days 
after the treatment, the mice that had received (Glu,Ala, 
Tyrio) polymer in saline made more antibody after immuniza- 
tion with (Glu,Ala,Tyrj)—methylated bovine-serum albumin 
than did controls (P < 0.001). 
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Fic. 4. DNA synthetic response (+SE) of DBA/2 (re- 
sponder) thymocytes that had been passed through spleens to 
stimulation with test and control materials. The passaged cells had 
been immunized either with 100 yg of (Glu,Ala,Tyrio) (open bars) 
or with saline (hatched bars) in the spleens of lethally irradiated 
donor mice. A, sheep erythrocytes; B, (Glu,Ala,Tyrio); C, saline. 
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DISCUSSION 


Immunologically competent T-cells characteristically respond 
to antigen with a wave of DNA synthesis (9, 10, 20). The 
technique we have used to study the DNA synthetic response 
of T-cells after antigenic stimulation yields results parallel to 
those from studies of mitosis of chromosomally marked cells 
(10). Thus, both studies give the same hierarchy of stimulation 
between antigens, and both have shown that antigens without 
a T-cell component in the immune response they elicit are 
nonstimulatory. It is therefore reasonable to assume, should 
an antigen stimulate DNA synthesis in T-cells, that an event 
of immunologic recognition has transpired. Since thymocytes 
of mice that are genetically incapable of making a significant 
antibody response to Glu,Ala,Tyrio synthesize DNA after 
confronting the antigen in the spleen, we assume that a 
recognition event took place. This conclusion is strengthened 
by the fact that nonimmunogenic substances such as (Glu, 
Tyr) and the (Glu,Ala,Tyrjo) polymer made of p-amino acids 
were nonstimulatory. Indeed, the amount of DNA synthesis 
produced by immunization with (Glu,Ala,Tyr) was suprisingly 
high; about half as much as produced by immunization with 
sheep erythrocytes. Bovine-serum albumin, which is clearly 
recognized by T-cells (21), is significantly less stimulatory 
(10). 

The fact that the polymer did not stimulate a detectable 
DNA synthetic response in T-cells of mice that are genetically 
capable of making an antibody response to it is interesting, 
but its meaning is less clear, as negative results always are. 
The amount of T-cell DNA synthesis an antigen will stimulate 
depends on a number of factors such as antigen dose, number 
of T-cells present, ratio of cortisone-resistant to cortisone- 
sensitive cells in the thymocyte population, and strain of 
mouse (9, 10, 22). Thus, a highly stimulatory substance may 
yield negative results under nonoptimal conditions, and we 
cannot conclude from the present data that (Glu,Ala,Tyr) 
cannot stimulate DNA synthesis in T-cells of responder mice. 
That responder T-cells recognized the antigen in spite of their 
lack of DNA synthesis was demonstrated by their striking 
secondary response. The acquisition of memory in the ab- 
sence of significant DNA synthesis has been previously noted 
(16, 23). 

The striking secondary response of these cells points up all 
the more clearly the absence of such a response in the non- 
responders. Thus, although a clear-cut response occurred 
the first time the T-cells of nonresponders saw the antigen, 
they not only did not acquire an increased capacity, but rather 
tended to make-a negative secondary response. These results 
suggest that the T-cells of the nonresponder strain of mice 
may have been made tolerant by the initial contact with 
antigen. The occurrence of significant amounts of DNA syn- 
thesis by T-cells during tolerance induction to sheep eryth- 
rocytes has recently been demonstrated (16). Tolerance 
induction in the T-cells [or other cells with which they may 
communicate (24, 25)] by (Glu,Ala,Tyrio) immunization of 
nonresponder mice would explain the ability of prior treat- 
ment with the free polymer to suppress the antibody response 
to the polymer on an immunogenic carrier. 

It is interesting that the suppressive effect of prior antigen 
treatment was short-lived; although the antibody response 
was suppressed 5 days after prior treatment, at 10 days after 
it was enhanced. These results parallel a recent study of 
induction of tolerance to sheep erythrocytes in T-cell popula- 
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TABLE 1. Effect of prior treatment with (Glu,Ala,Tyrw) on 
the antibody response of different mice to (Glu,Ala,Tyrw) 
conjugated to methylated bovine-serum albumin 





Prior treatment Antibody titer (+SE) 


Nonresponder (DBA /1) 

(Glu,Ala,Tyr) day-5 
(Glu,Ala,Tyr) day-10 
0 

Responder (DBA/2) 
(Glu, Ala, Tyr) day-5 
0 

Responder (C57B1/6) 
(Glu, Ala, Tyrie) day-5 
0 





tions (16). In that study, T-cells were noted to be completely 
unresponsive to sheep erythrocytes after previous treatment 
with a large dose of antigen, even though they had previously 
synthesized considerable amounts of DNA. The unresponsive 
period of the T-cells was short-lived and passed into a phase 
of hyper-responsiveness, as did the antibody response of non- 
responder mice previously treated with (Glu,Ala,Tyrw). 

Thus, our results both with the effects of (Glu,Ala,Tyrio) on 
the antibody response to (Glu,Ala,Tyrio)—methylated bovine- 
serum albumin and on T-cell DNA synthesis are consistent 
with the notion that this polymer has an inordinate propensity 
to induce tolerance in certain strains of mice. Parish has re- 
cently suggested that the affinity of antigen for cell receptors 
is of crucial importance in determining whether immunity 
or tolerance results (26). We suggest that the gene products 
of the H-2 locus on the T-cell membrane may contribute to 
the affinity of binding of the antigen with the membrane- 
bound receptor and, through this contribution, regulate im- 
munological responsiveness. 

Whatever the explanation, our results clearly demonstrate, 
at least with one system of genetically controlled immunologic 
unresponsiveness linked to H-2, that the deficit in non- 


responder mice lies in their T-cells, but distal to the event of 


antigenic recognition. 
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ABSTRACT Experimental techniques are presented 
that can be used to assay and correct for differential 
light scattering effects in circular dichroism spectra of 
biological macrostructures. The assay is based upon use 
of variable detector geometries that collect light over 
large solid angles. Disrupted T2 virus suspensions and 
purified T2 phage DNA exhibit geometry-independent 
spectra; the spectrum of intact T2 virus is highly sen- 
sitive to detection geometry. On the basis of spectra ob- 
tained after light-scattering correction, the structure of 
T2 DNA in the phage particle is assigned to the C form. 
We conclude that: (i) The measured circular dichroism 
of a light-scattering specimen may be highly sensitive 
to light-detection geometry of the instrument. This effect 
is indicative of differential scattering intensity for left 
and right circularly polarized light. (ii) Some optically 
active particles, although they scatter light intensely, 
exhibit circular dichroism that is independent of detec- 
tion geometry and, therefore, apparently uninfluenced by 
differential light scattering. We infer that whether dif- 
ferential light scattering arises may depend upon 
the presence or absence of ordered asymmetry in the 
organization of the scattering particle. (iii) The circular 
dichroism of any light-scattering specimen should be 
measured again in apparatus designed for differential 
light-scattering correction as a prerequisite to meaning- 
ful structural conclusions. (iv) Differential scattering 
effects in circular dichroism may be potentially useful as 
a probe for large-order organization of the scattering 
particle. 





Circular dichroism (CD) studies, although at one time devoted 
to simple molecules (1, 2), have recently been focused upon a 
variety of complex biological macrostructures. Much promis- 
ing CD work has been contributed on the molecular con- 
formation of DNA in chromosomes (3), chromatin (4-12), 
and related material, such as reconstituted nucleohistone 
(13-19) or other model systems for DN A—protein interactions 
(20-23). The structure of virus particles has been studied with 
CD in this laboratory (24). The conformation of membrane- 
incorporated proteins has recently motivated considerable 
CD effort (25-34). 

Due to their large size and particulate nature, biological 
macrostructures tend to form intensely light scattering sus- 
pensions. The effect, if any, of light scattering on CD measure- 
ments has not been well understood, although it has been 
discussed (25-33, 35-39). Several possible artifacts of CD 
measurement have been identified: absorption flattening 
(25-27, 29, 30, 32, 33, 35), other concentration-obscuring 
effects (30, 32, 33), and differential light scattering (25, 26, 
29, 31-33). It is the last of these with which we are concerned. 


Abbreviations: CD, circular dichroism; PMT, photomultiplier 
tube. 
Space Sciences Laboratory Series 13, Issue 41. 


Differential light scattering occurs when left and right 
circularly polarized light is scattered with different efficiency 
out of the measuring beam of a CD spectropolar-meter. The 
result is to modify the differential absorption measurement 
that constitutes normal CD. This result necessarily com- 
plicates the interpretation of CD data from scattering speci- 
mens and the comparison with spectra from molecularly 
dispersed samples of the same chemical compound. Several 
theoretical treatments of differential light scattering (35-39) 
have appeared, and some experimental work has been pre- 
sented (25, 26, 29, 31, 32) or proposed (37, 38) for particular 
applications. 

We now report a quite general experimental approach to 
assay the presence of differential light scattering and to correct 
for its effects on measurements in a circular dichrograph. 
The proposed assay involves determination of whether the 
observed CD spectrum varies with changes in the light-collec- 
tion geometry of the spectropolarimeter. The collection ge- 
ometry may be described in terms of the position, size, and 
shape of the light-detection element relative to the incident 
measuring beam and the sample cell. 

As a basis for later discussion, we consider first the mea- 
surement of normal, unpolarized light absorption spectra. 
For a photomultiplier tube (PMT) detector located on the 
optical axis, and with a sufficiently collimated measuring 
beam, the absorption spectrum recorded for a nonscattering 
sample should be independent of the distance from sample 
cell to detector. In the presence of a scattering sample, on 
the other hand, some of the incident beam may be deviated 
from the beam axis through an angle great enough to miss the 
detector. Such scattered light will appear to have been ab- 
sorbed and produce anomalously high optical densities. 

Experimental remedies have frequently involved an in- 
crease of the solid angle of detection to enable capture of 
scattered photons missed by normal instruments. This may 
be done most simply by increasing the size of the detector, 
decreasing the distance from sample cell to detector, or both. 
Clearly, the scattered photons must penetrate the sample cell 
to reach a downbeam detector. When detected, the scattered 
photons are counted as if they were transmitted photons. 
Although considerable uncertainty may exist about the effec- 
tive optical path through a light-scattering sample, it has 
been found, from work with mixtures of scattering and ab- 
sorbing particles, that far more accurate absorption spectra 
result from detection of the scattered light and counting it 
as transmitted than from counting it as absorbed (Wethods 
in Enzymology, in press*). The preceding generalization is 
not necessarily applicable to all samples or circumstances, 
e.g., absorption measurements on highly fluorescent speci- 


mens. 
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When large-angle detection is acceptable, one of the most 
convenient contemporary instrumental techniques involves 
the use of an end-window photomultiplier tube detector with 
a large area photocathode. In the Cary Instruments (model 
1462) scattered transmission accessory, for example, a 2- 
inch (5.l-em) diameter PMT may be translated along the 
optical axis over a range of several inches to a closest posi- 
tion just behind the sample cuvettes. A series of spectra 
recorded at various tube positions successively closer to the 
sample cell display a monotonic reduction, and even elimina- 
tion, of spectral features due to scattering, such as the long- 
wavelength extinction tails extending outside the absorp- 
tion band. Optical densities inside the band are also reduced. 
For coliphage, OD measurements are about 10% lower 
with scattered light correction in the model 1462 than in the 
standard Cary 14 or Cary 15 (40). 

In principle, the large-angle detection approach should be 
equally applicable to CD. Ideally at least, the CD photo- 
multiplier tube detector measures only the light intensity 
and is insensitive to its polarization. Therefore, if left and 
right circularly polarized light are scattered with equal effi- 
ciency, and if the scattered light from each polarization is 
equally distributed in space around an optically active sam- 
ple, the scattered light contribution will subtract out from 
recorded CD spectra regardless of the solid angle of detec- 
tion. But if the spectra should change with a modification 
in the solid angle of detection, the spectral change must im- 
ply that one circular polarization or the other is contributing 
more scattered intensity to the region of space that is acces- 
sible to the larger-angle geometry but inaccessible to the 
smaller. The difference between two such spectra provides a 
direct measure of the “differential light scattering” into that 
region of space where measuring photons are detectable in 
one case but not detectable in the other. 

There is nothing in the preceding argument that limits its 
application to instruments using end-window photomulti- 
plier tubes or other planar detectors. One device capable 
of larger solid-angle detection is the fluorescent scattering 
(fluorseat) cell (Methods in Enzymology, in press*). The use 
of the fluorscat scattering cell, as well as a movable, end- 
window photomultiplier, to assay for differential light scat- 
tering from T2 phage and to study the secondary conforma- 
tion of T2 DNA in vivo forms the subject of this paper. 


Materials and Methods. The three principal instrumental 
configurations used are: 

(¢) Unmodified Cary 6001, 6003, or 61 CD spectropolar- 
imeters, whose data are termed ‘“‘conventional spectra.” 

(i) A modified Cary 6001 instrument containing a movable 
end-window photomultiplier with 2-inch (5.1-cm) diameter 
photocathode, whose data are termed “large-angle planar 
detector spectra.”’ 

(wz) A Cary 6001, either modified or unmodified, used in 
conjunction with special fluorescence cells that enlarge the 
collection angle beyond that obtained with a planar detector 
(Methods in Enzymology, in press*). Data from these fluores- 
cent scattering cells are termed ‘‘fluorscat spectra.”’ 

The Cary 6001 modifications were as follows: 

(t) The ORD modulator, focusing lens, side-window photo- 
multiplier, and the light mask separating the sample elevator 
and ORD modulator compartments were removed. The 
opening between these two compartments was widened by 
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1 inch (2.54 em). The photomultiplier preamplifier was re- 
mounted to the underside of the top plate of the elevator. 

(it) A Dumont no. KM2703 photomultiplier was installed 
on a variable-position roller-bearing mount in the ORD mod- 
ulator compartment. The mount is supported by a plate 
that can be translated horizontally and that rests, in turn, 
on a facsimile of the ORD modulator’s adjustable-height 
kinematic leveling table. 

(iti) A positioning rod extending outside the instrument 
by way of a light lock allows the photomultiplier to be moved 
along the optical axis to locations 0.04-5.0 inches (0.10—12.7 
cm) from the sample cell. The leveling provisions described 
above enable alignment such that the photocathode remains 
normal to the measuring beam and centered on the optical 
axis. The positioning rod is grooved at 1.5-inch (3.8-cm) 
intervals to allow several photomultiplier positions to be 
located reproducibly with negligible error. Whenever the 
photomultiplier extends into the sample space, the sample 
elevator is automatically locked in place to preclude tube 
damage or misalignment. 

(iv) Shielded wiring connects the cathode, anode, and final 
dynode pin positions of the PMT socket to the preamplifier. 
The photomultiplier is magnetically shielded, and electrically 
shielded at cathode potential. 

All sample cells were 1-cm path length. The zero ellipticity 
line in all spectrograms was obtained from solvent baselines, 
and no instrumental adjustments were made between solvent 
and sample runs. All spectra were run without multipots, 
but with the 14-A spectral bandwidth automatic slit program, 
unless otherwise noted. Data were acquired with an instru- 
mental time constant of 1 sec and digitally recorded by an 
on-line computer with available pen-averaging, baseline sub- 
tracting, and data smoothing programs (41). Subsequent 
processing to obtain difference curves and plotted output 
was also done on a CDC 6400 computer. Extinction per mol 
of phosphate at 260 nm was assumed to be 6440 for T2 DNA 
and 10,206 for intact T2 virus (24). 

All CD instruments were calibrated with d-10 camphor 
sulfonic acid (Eastman Organic, 1 mg/ml in H,O). Calibra- 
tion readings of 0.304 + 0.004 degrees ellipticity at 290 nm 
were obtained and checked periodically during several weeks 
of experimentation. Agreement between the various instru- 
ments was within 1.5%. 

Calibration tests were also performed on optically inactive 
samples providing extinction due to: (¢) Absorption: potas- 
sium dichromate solution (Mallinckrodt Chem.), 6 mg/liter 
in 0.01 N KOH; (ii) scattering: alumina suspensions (Vitro 
Labs.) of nearly spherical particles in the range of 0.01-0.2 
um diameter in 0.01 N KOH. All instruments gave readings, 
so-called inactive sample artifacts, of no greater than 1 milli- 
degree/OD for the above samples. These readings varied 
from one instrument to another, but observed magnitudes 
were nearly independent of tube position in the modified 
Cary 6001. Inactive sample artifacts for the fluorescent cells 
were consistently lower than those observed with standard 
cuvettes. 

T2 phage and T2 phage DNA preparation, purification, 
and all subsequent handling was by reported techniques (24). 
In particular, virus was purified by hydroxyapatite column 
chromatography, then dialyzed exhaustively against 0.6 M 
NaCl-1 mM MgSO,-1 mM Tris-HCl (pH 6.8). Phage were 
disrupted by freeze-thawing, leading to release of DNA into 
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the surrounding solvent. Viral DNA was extracted with phenol 
and dialyzed extensively against 0.1 M NaCl-10 mM Na- 
phosphate (pH 7.2). 


RESULTS 


Conventional CD spectra of intact T2 bacteriophage, dis- 
rupted T2 bacteriophage, and T2 DNA have been reported 
(24). Above 250 nm, the observed CD of a disrupted phage 
suspension is essentially that of T2 DNA. The CD of T2 
DNA exhibits a positive maximum at 280 nm (Ae = 1.99), 
is zero at 265 nm, and exhibits a negative minimum at 250 
nm (4e = —5.01). The spectrum of a shocked suspension, 
due to the presence of the protein phage coats, begins to di- 
verge from that of DNA at 245 nm and below. The coats 
scatter sufficient light to register ODas0 = 0.04 per ODog in a 
Cary 14 absorption spectrophotometer (Dorman & Maestre, 
unpublished data). Such scattering leads to no detectable 
signal outside the absorption band when conventional CD 
spectra are measured. 

The conventional CD spectrum of intact T2 phage differs 
from that of T2 DNA in several respects (24): the positive 
maximum is red-shifted to 286 nm and reduced in magnitude 
to Ae = 1.6, crossover is shifted to 276.5 nm, the negative 
minimum is slightly red-shifted and enhanced to Ae = —6.9. 
Below 240 nm, the intact T2 CD spectrum is intermediate 
between that of shocked T2 and purified T2 DNA. The intact 
virus scatters light at ODss = 0.07 per OD in a Cary 14 
(Dorman & Maestre, unpublished data) and exhibits a posi- 
tive tail at long wavelength extending well into the visible 
spectrum. This tail admits no theoretical explanation in terms 
of a DNA structural modification. However, a nonzero CD 
signal outside the absorption band might conceivably be 
due to differential light scattering from a highly compacted 
DNA organization inside the phage head. To investigate 
this possibility, and the extent to which other features of 
the intact T2 CD spectrum might derive from differential 
light scattering, we performed the following experiments. 

The large-angle CD spectrum of intact T2 phage was mea- 
sured in a Cary 6001 spectropolarimeter modified to accom- 
modate an end-window PMT with 2-inch (5.1-cm) diameter 
photocathode. The PMT may be positioned on the optical 
axis of the instrument at various distances from the sample 
cell. The spectra obtained from distant, intermediate, and 
close PMT positions may be compared with conventional 
Cary 60 data in Fig. 1. For the most part, the conventional 
T2 spectrum exhibits values that are intermediate between 
the large-angle data. However, as the solid angle is increased 
by moving the large-angle detector to the intermediate and 
close positions, the 286-nm peak and the long-wavelength 
tail are reduced. Indeed, the tail is no longer evident in the 
close PMT spectrum. 

The shape of the differential light-scattering contribution 
detected with the large-angle modified Cary 6001 geometry 
was obtained by subtraction of the close PMT spectrum 
from the distant PMT spectrum. Such difference spectra 
are presented in Fig. 2 for intact T2 phage, disrupted T2 
phage, and purified T2 DNA. The intact phage difference 
spectrum displays a long-wavelength tail, has a maximum 
at 290 nm, goes to zero at 265 nm, and has a larger maximum 
at 220 nm. In contrast, the T2 DNA and the disrupted phage 
suspension spectra exhibit essentially no dependence on PMT 
position down to 220 nm. Because these latter specimens 
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200. 220. 240 260 280 300 320 340 
Wavelength (nm) 
Fic. 1. Intact T2 phage CD spectra with four large-angle 
plus conventional detection geometries. Three curves represent 


large-angle planar detector data recorded in modified Cary 6001 
CD spectropolarimeter with 2-inch (5.1-cm) diameter end-window 
photomultiplier (PMT) at distant . 
) positions relative to sample cuvette. Nominal 


, intermediate 


and close (— - 
clearance (inches) between cuvette and PMT was 5.00, 3.04, and 
0.04, respectively (12.7, 7.7 
tion increases as PMT is moved closer to cuvette. The lowest 
curve was recorded in unmodified Cary 6001 with a 


2, and 0.10 em). Solid angle of detec- 


fluorescent scattering (fluorscat) cell that offers a larger solid 
detection angle than the close PMT geometry. Fluorscat spec- 
trum represents the computer average of three runs with mono- 
chrometer slits set at 2.4 mm. The conventional spectrum 

©) was obtained with a standard cuvette in an unmodified 
Cary 6003 CD instrument. 


produce spectra that do not change with the solid angle of 
detection, we may conclude that differential light-scattering 
contributions, if any, are beneath the sensitivity level of the 
present measurements. Moreover, this result demonstrates 
the absence of a systematic position dependence to the 
large-angle planar detector CD spectra, even in the presence 
of a light-scattering specimen such as the disrupted phage. 

The fluorescent scattering (fluorscat) cell CD spectrum of 
intact T2 was measured in an unmodified Cary 6001 (lowest 
curve of Fig. 1). The fluorscat spectrum is zero above 330 nm, 
assumes small negative values between 330 and 310 nm, and 
exhibits a negative minimum at 303 nm (Ae = —0.27). The 
positive maximum, slightly red-shifted, is further reduced to 
about half the value obtained in the close PMT spectrum 
Inasmuch as the fluorscat cell is capable of detecting light 
scattering through angles even larger than 90 degrees, the 
reported data demonstrate that the more scattered light 
detected, the greater is the depression of the positive 286-nm 
ellipticity band in the intact T2 phage spectrum. It may be 
concluded that differential light scattering is contributing 
significantly to the magnitude of this band observed in the 
conventional CD spectrum of intact T2. 

DISCUSSION 

T2 DNA conformation in vivo 
The CD spectrum of DNA in aqueous solution at low salt 
concentration has been discussed above. In comparison, DNA 
spectra obtained in the presence of high salt (42), methanol 


(Maestre, unpublished results), ethylene glycol (43, 44), 





258 Biochemistry: Dorman and Maestre 








220. 240 260 280 300 320 340 
WAVELENGTH (NANOMETERS) 

Fic. 2. CD difference spectra computed for large-angle planar 
detector data by subtracting close PMT spectrum from distant 
PMT spectrum of intact T2 bacteriophage (——), disrupted T2 
bacteriophage (— —), and purified T2 DNA (— - —). Only the 
intact virus exhibits a nonzero difference spectrum indicative of 
differential light scattering. Values obtained at wavelengths below 
210 nm are believed to be artifacts due to high sample absorbance 
and the resultant instrumental noise level. 


and in Li-DNA films at low (<75%) relative humidity (42) 
exhibit depression of the positive ellipticity band with little 
or no effect on the adjacent negative band. X-ray structures 
determined for Li-DNA fibers formed at salt and humidity 
conditions thought to be comparable to those used for the 
cited Li-DNA film studies indicate that under such con- 
ditions DNA exists in the C conformation (45). We note the 
conclusion of Nelson and Johnson (43) that C-form DNA 
possesses the minimum specific volume of the DNA structures 
characterized to date by x-ray. Thus, a C-form helix might 
be a favorable conformation for DNA that is tightly com- 
pacted into a phage coat. 

The CD spectrum of purified T2 phage DNA, the fluorscat 
spectrum of intact T2 phage, and the low-humidity (C-form) 
Li-DNA film spectrum for calf-thymus DNA are shown in 
Fig. 3. Comparison of the T2 DNA spectrum with the 
fluorscat, scatter-corrected phage spectrum reveals that com- 
paction of the DNA into the T2 phage coat leads to sub- 
stantial depression and red shift of the 280-nm DNA band in 
the manner characteristic of a transition to C-form geometry. 
The extensively glucosylated T2 DNA exhibits a solution- 
form CD that is highly nonconservative and whose prominent 
spectral features (e.g., extrema and crossover) are red-shifted 
about 5 nm relative to calf-thymus DNA (24). When allow- 
ances are made for these intrinsic differences, however, the 
correspondence of the CD spectrum for intact T2 virus and 
for low-humidity Li-salt DNA films is quite striking (Fig. 3). 
With decreasing wavelength, both spectra exhibit a per- 
ceptible negative tail, a small trough, a slightly larger positive 
maximum, crossover in the vicinity of 280 nm, a shoulder at 
about 270 nm, and a large negative trough between 240 and 
250 nm. On the basis of this correspondence, and the related 
x-ray fiber structure, we conclude the secondary conformation 
of T2 DNA in vivo may be assigned to the C-form, or to a 
similar geometry. 


General conclusions 


The present work clearly demonstrates that CD spectra of a 
light-scattering suspension may be very sensitive to instru- 
mental light-detection geometry. If scattered light were 
generated in equal intensities for both circular polarizations, 
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we would expect the resultant spectra to be invariant with 
changes in the solid angle of detection. Thus, we interpret 
geometry-sensitive spectra as an indication that differential 
light scattering is present. Differential light scattering may be 
a general property of biological macrostructures in sus- 
pension. Where it is present, the observed CD of such sus- 
pensions will vary with the experimental geometry used, the 
optical path length, and the relative dimensions of beam 
cross section, cell diameter, and the position and size of the 
light-detection apparatus. Under these circumstances, struc- 
tural conclusions based upon CD data obtained from par- 
ticulate suspensions in conventional CD spectropolarimeters 
may be unreliable or meaningless. 

It is important to emphasize from our work with disrupted 
phage suspensions that all particulate suspensions need not 
exhibit geometry-dependent CD spectra. Although the dis- 
rupted T2 samples contain essentially intact phage coats 
after the DNA is released (46), no significant spectral changes 
are observed upon going from conventional to large-angle 
planar to fluorscat detection geometries. Thus, if the phage 
coats do generate differential light scattering, the effect 
apparently is not large enough to influence conventional 
measurements. For practical purposes, we must conclude 
that differential light scattering will influence the CD of some, 
not all, particulate suspensions of optically active particles. 
Whether or not differential light scattering arises may 
depend then on the specific organization of the aggregated 
chromophores. We infer that where differential light scattering 
exists, the organization must exhibit ordered asymmetry. 
[Wrigglesworth and Packer (47) have made a related sug- 
gestion.] For intact T2 virus, we attribute the observed 
differential light scattering to asymmetry in the DNA 
packing organization. 

Other plausible sources of differential light scattering have 
been proposed. In the treatment of Gordon (35), differential 
light scattering arises as a specific consequence of the par- 
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Fic. 3. CD spectra of T2 DNA recorded in a conventional 
Cary 6003 with a standard cuvette (——), and of intact T2 phage 
measured in an unmodified Cary 6001 with a fluorscat cell (-—-—). 
The spectrum of a Li-salt DNA film at 75% relative humidity 
(O——O) is reproduced from earlier work (42). 
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ticulateness of the specimen rather than the organization of 
the particle. Using Mie theory for spherical particles and the 
optical properties of molecularly dispersed sample solutions, 
Gordon (35) and Gordon and Holzwarth (26) have obtained 
impressive agreement between the calculated and experi- 
mental CD spectra for two particulate suspensions—poly (L- 
glutamic acid) spheres and erythrocyte ghosts. Large spherical 
particles in suspension might conceivably represent a class of 
specimens that wiil yield to existing theory by the use of 
known scattering spatial distribution functions. However, 
such theory is presently limited to treatment of highly sym- 
metric scattering arrays. It remains to be demonstrated that 
a similar approach can be applied to numerous important, 
but asymmetric, biological structures, e.g., coliphage. For 
asymmetric structures in particular, a generally applicable 
experimental approach is especially desirable. The large-angle 
detection techniques reported here promise to be useful. (But 
absorption flattening artifacts intrinsic to particulate sus- 


pensions should be independent of detection geometry, and 


will remain uncorrected by these large-angle techniques.) 

Our work suggests that the CD spectra of any scattering 
specimen ought to be determined again under conditions per- 
mitting empirical analysis of possible differential light- 
scattering contributions. The data presented reveal a large 
light-scattering effect on the CD of intact T2 virus. We an- 
ticipate differential scattering contributions may be in- 
fluencing the conventional CD of other viruses, chromosomes, 
chromatin, and membrane structures. 

If the observed differential light scattering is in fact pro- 
duced by an ordered asymmetry at the scattering center, 
which we believe to be the case, it is conceivable the shape of 
the scattering contribution curves may be used to assess 
details of the relevant ordered structure. As such, the dif- 
ferential light-scattering phenomenon might constitute a 
uniquely powerful probe for molecular organization at the 
level of tertiary or quaternary conformation. 


* Note Added in Proof. A more detailed description of the 
fluorscat cell and related large-angle light detection tech- 
niques has been written; see Chap. 30 in Enzyme Structure, 
Vol. 27D of Methods in Enzymology, eds. Hirs, C. H. W. & 
Timasheff, 8. N. (Academic Press, New York). 
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ABSTRACT The assembly of plaque-forming particles 
in cell-free extracts of induced lambda lysogens was ob- 
served two ways. (i) DNA isolated from a \-related phage, 
434 for example, is added to an extract of an induced \ 
lysogen, and plaque-formers with the genotype of the 
added DNA are detected. (ii) One extract from an induced 
\ lysogen that carries an amber mutation in one of the 
head genes (4, B, C, D, or E) is mixed with one carrying 
an amber mutation in a different head gene; an increase 
in the number of \ plaque-formers is found over that in 
either extract alone. These plaque-forming particles have 
the properties of normal phage particles. They are re- 
sistant to DNase, although DNase added to an extract 
before addition of DNA prevents their appearance; they 
have a sensitivity to neutralizing antibody and a specificity 
of adsorption to bacteria characteristic of the source of 
the extract, but they have the genotype of the added DNA; 
and they have about the same bouyant density as phage 
particles. 

Mutants in genes B, C, or D can donate DNA to the 
phage formed by complementation between extracts of dif- 
ferent mutants, but mutants in genes 4 or E cannot. 
Complementation occurs between a pair of extracts only 
if one (or both) is a DNA donor. This observation suggests a 
tentative pathway for head assembly: that the products of 
genes A and E act before those of B, C, and D. 





After the germinal discovery of Edgar and Wood (1) that 
bacteriophage T4 heads, tails, and tail fibers can join to- 
gether in vitro, many steps in bacterial virus assembly were 
worked out. But the problem of how DNA-containing phage 
heads are assembled has remained unsolved. How is DNA cut, 
condensed, and packaged inside a protein coat? Phage \ may 
be a good subject for experimental exploration of this problem 
because its isometric head contains relatively few proteins, 
six perhaps (2), its head genes cluster and saturate the left end 
of the phage chromosome (3, 4), and several assembly reac- 
tions in vitro have already been demonstrated (5-7). 

Eight proteins are required for \ head assembly: the protein 
products of seven phage genes, A, W, B, C, D, E, and F, (8) 
and the product of the bacterial gro E gene (9, 10). DNA 
molecules isolated from phage particles have two short, single- 
stranded ends of unique sequence (11). The precursor to this 
DNA is a polymer of more than two phage-sized units that 
lacks cohesive ends (12, 13). Two of the eight required pro- 
teins, the F and W proteins, act after DNA is cut and pack- 
aged, because W- and F~- mutants accumulate morpho- 
logically normal heads that contain cohesive-ended monomers 
(7). These heads, however, cannot join to tails. Mutants in 
any of the other six genes, A, B, C, D, E, or gro E, accumulate 
precursor or precursor-like DNA (14-16, 9), as if DNA cutting 


Abbreviation: PFU, plaque-forming units. 


depended on prior functioning of the products of all these 
genes. A challenging problem in head assembly is to explain 
how cutting and packing of DNA is coupled to aggregation of 
head protein subunits. As an initial experimental step toward 
the solution of this problem, we wish to report evidence for the 
in vitro assembly of \ heads. 


MATERIALS AND METHODS 


Bacteria, Phage, and DNA. All bacterial strains used for 
preparation of extracts were derived from the Su~ proto- 
trophic Escherichia coli K12 strain W3101 (17). A series of 
heat-inducible lysogens were prepared by infection of W3101 
with each of the following strains of phage: \ c/ts857 Sam7, 
\ Aamll c/ts857 Sam7, \ Aam32 clts857 Sam7, \ Bam10 
clts857 Sam7, \ Bam427 clts857 Sam7, \ Cam42 clts857 
Sam7, \ Dam15 c/ts857 Sam7, and \ Eam4 c/ts857 Sam/7. 
DNA was extracted with water-saturated phenol from Aimm 
434 cl ts56 Sam7, ¢80(19), and Aimm21 (21 hy 1 of ref. 20). 


Preparation of Extracts. The procedure is an adaptation of 
that used by Wickner et al. (18) to prepare extracts active in 
DNA synthesis. Lysogenic bacteria were grown in H broth 
(containing per liter: 8 g of nutrient broth, 5 g of Bactopep- 
tone, 1 g of glucose, 5 g of NaCl) to a density of 8 X 10? bac- 
teria per ml. Then they were heat-induced by warming to 46° 
for 15 min, with aeration. Bacteriophage were allowed to de- 
velop for 40 additional minutes at 37°, by which time, de- 
termined by experiment to be the period of most rapid com- 
pletion of phage particles, the bacterial mass had tripled. 
The culture was chilled on ice, and the bacteria were collected 
by centrifugation at 10,000 < g for 15 min at 5°. The bac- 
terial pellet was immediately suspended in 10% sucrose—50 
mM Tris-HCl (pH 7.4) (200 ml of culture in 0.4 ml of su- 
crose-Tris). Aliquots of 0.1-0.6 ml were then quick-frozen 
and stored in liquid nitrogen. These frozen bacteria were 
stable for at least 1 month. 

Frozen bacteria were thawed rapidly at 35°, cooled to 0°, 
and, for each 0.1 ml of bacteria, 5 ul of egg-white lysozyme 
{1 mg/ml in 0.25 M Tris-HCl (pH 7.4)] were added. The 
thawed bacteria were lysed by exposure to lysozyme for 30 
min at 0° and addition of 10 ul of the following mixture: 6 
mM Tris-HCl (pH 7.4), 15 mM ATP, 18 mM MgCh, 60 
mM spermidine-HCl, 30 mM 2-mercaptoethanol. The lysed 
suspension was sedimented at 40,000 < g for 20 min at 5°, 
and a resulting amber-colored, slightly opalescent supernatant 
was removed with a micropipet. Because of its instability, 
the supernatant, called “the extract,’ was kept at 0° and 
was used within 30 min. 
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In Vitro Assembly. In a typical experiment, 100 ul of ex- 
tract was mixed with 10 ul of DNA [in 10 mM Tris-HCl 
(pH 7.4)-670 mM NaCl] and incubated at 35° for 80 min. 
The reaction was terminated by addition of 25 ul of pan- 
creatic DNase I [Worthington, 200 ug/ml in 10 mM Tris: HCl 
(pH 7.4)-100 mM MgCl]. At this point, 100 ul of T broth 
(10 g/liter of Bacto-tryptone, 5 g/liter of NaCl) were added, 
and the mixture was plated with appropriate indicator bac- 
teria as described with each experiment on T agar (T broth 
containing 1% agar) plates. 

RESULTS 

Head Assembly with Exogenous DNA. If DNA isolated 
from \ imm 434 phage particles is added to a concentrated 
cell-free extract of an induced \ lysogen, then plaque-forming 
particles carrying 434 DNA are produced (Table 1). The 
extracts are prepared from a \ lysogen 40 min after thermal 
induction, at which time the bacteria are producing complete 
phage particles at maximum rate. The extracts contain about 
108 complete A per ml, but 434 DNA-containing particles 
are specifically assayed by plating the incubation mixture 
for plaques on a \ lysogen. Because of the specificity of the 
\ repressor present in these bacteria, this assay has the ca- 
pacity to detect one 434 particle against a background of 
more than 10° \ particles. 

The data presented in Table 1 also show that the number 
of 434 plaque-forming units (PFU) increases with amount 
of 434 DNA added, at a rate of about one plaque per 10° 
DNA molecules. Pancreatic DNase added before phage DNA 
destroys the plaque-forming activity. Six-times the amount 
of DNase used in the experiment reported in Table 1 is rou- 
tinely added at the end of the incubation of extract with 
DNA. Therefore, the extract converts the plaque-forming 
capacity of 434 DNA from a DNase-sensitive to a DNase- 
resistant state. The reaction is stimulated by ATP and is 
dependent upon addition of spermidine. Spermidine may 
help DNA condense (23), and it is required for ¢X174 DNA 
synthesis in similar extracts (24). In another experiment, 434 
DNA was added to an extract of (mock-) induced nonlyso- 
genic bacteria, but no 434 PFU were observed. Thus, some 
phage-specific product(s) must be present in the extract, a 
property that distinguishes these experiments from reports 
of \ multiplication in vitro (25, 26). 

The bouyant density of the 434 PFU was measured in an 
equilibrium density gradient (upper panel, Fig. 1). Complete 
\ phage particles present in the extract before addition of 434 
DNA serve as a density reference, but as confirmation that 
these A had not been altered in some way as a result of the 
extraction procedure, \ c/*+S* phage was added to the as- 
sembly mixture in CsCl just before centrifugation. These 
phage form turbid plaques at 40° on Su~ bacteria and can, 
therefore, be distinguished from endogenous \ c/ts857 Sam 
7, which cannot plate on Su~ bacteria and which form clear 
plaques on Su3* bacteria at 40°. The ratio of turbid to clear 


plaque-formers was about constant across the \ peak, showing 


that endogenous A had normal bouyant density. 

\ imm 434 phage form a band with its mode four fractions 
up-gradient from that of \ phage (bottom panel, Fig. 1). This 
occurs because imm434 DNA is 2% shorter than A DNA but 
is enclosed in the same amount of protein as \ (27). The 434 
PFU from an assembly mixture (Fig. 1, top panel) band more 
broadly than imm434 phage and have a mode 11 fractions 
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Requirements for production of 
plaque-forming particles 


TABLE 1. 





Components added Plaques 


‘omplete 

‘omplete minus ATP 

‘omplete minus spermidine 

‘omplete plus DNase* 0 
‘omplete, '/2 X DNA 710 
‘omplete,3 X DNA 8932 





Complete contains 0.5 mM Tris: HCl (pH 7.4), 1.6mM MgCh, 
3 mM 2-mercaptoethanol, 67 mM NaCl, 1.5 mM ATP, 6 mM 
spermidine—HCl, extract of 1.3 < 10°* bacteria, and 0.23 ug of A 
imm434 DNA. The total incubation mixture of 55 wl was plated. 
* Pancreatic DNase (9 ug/ml) added before DNA 


up-gradient from A, indicating an average 1% lower density 
than imm434 phage particles. Because, as will be shown be- 
low, the PFU contain an entire molecule of added DNA, 
their lowered density can be explained by the presence of 4% 
more than the normal phage content of protein. Perhaps 
a small but variable amount of protein is trapped inside a 
head as it forms in an extract. 

Additional evidence that exogenous DNA can be encap- 
sulated by extracts is presented in Table 2. Phage #80, though 
related to A, differs from it antigenically and in host range 
(28). Antibodies, raised in rabbits by inoculating them with 
purified A, neutralize \ but not ¢80. Lambda adsorbs well to 
phage Tl-resistant strains of K12, symbolized K12/T1, but 
¢80 adsorbs poorly. DNA extracted from purified particles of 
phage 80 was mixed with an extract of induced Su (A c/ ts857 
Sam7) bacteria, and 80 plaque-formers were generated. 
As shown in Table 2, PFU from the assembly reaction were 
inactivated by antiserum against \ at about the same rate as 
the endogenous \ present in the same mixture and many 
times faster than @80 phage. The 80 PFU proved to adsorb 
faster to K12/T1 than to K12, as did A, whereas ¢80 phage 
adsorbed more slowly to K12/T1 than to K12. Subsequently, 
the 80 PFU were propagated on K12 Su3* bacteria and, 
as shown by the last line of Table 2, as a result they re- 
gained the antiserum resistance and adsorption properties 
of 80 phage. Therefore, the ¢80 PFU generated in an as- 
sembly mixture behave like ¢80 DNA encapsulated in \ head 
and tail proteins provided by the extract. After propagation 
these phage regained ¢80 adsorption and antibody specificity 


because they possessed 80 genes. 


Head Assembly with Endogenous DN A. If extracts of in- 
duced lysogens for amber mutants in head genes A, B, C, 
D, or E are mixed by pairs, then complementation between 
mutants in different genes can be observed. As shown in Table 
3, the mixtures yield more plaque-forming particles than 
either of the component extracts alone. Only the A~ plus E 
mixture does not exceed its background, while the most 
efficient mixtures rise 80-times higher than their background. 
The ability to complement does not seem to depend on the 
particular amber mutants chosen: Aamll and Aam19 have 
the same complementation pattern. Sodo Bam10 and Bam427 
(data not shown). 

As expected, these plaque-forming particles have the im- 
munity specificity of A: they form plaques on nonlysogenic 
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Su3* bacteria, on Su3*(434), but not on Su3*(A). No exo- 
genous DNA has been added; as shown by their immunity 
specificity, the plaque-formers arise from DNA endogenous 
to the extracts. To determine the bouyant density of the 
plaque-formers, they were sedimented to equilibrium in CsCl 
solution. Comparison of the middle and bottom panels of 
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Fic. 1. Equilibrium density gradient sedimentation of phage 
assembled in extracts. To 600 ul of an assembly mixture was 
added sufficient CsCl solution to bring the total volume to 5.25 ml 
and the bouyant density to p = 1.46 g/ml. The solutions were 
sedimented at 32,000 rpm at 5° in an SW39 rotor for 72 hr. Single- 
drop fractions of 0.01 ml were collected through the bottom of 
the tube into 1 ml of T broth. Aliquots of these broth solutions, 
referred to below as the “fractions,’’ were assayed for \ or 434 
plaque-forming units by plating them on K12 Su3+ (434) or 
K12 Su3* (A) indicators. (Top panel) The assembly mixture 
contained 434 DNA and an extract of Su- (A c/857 Sam7). 
The extract, before it was mixed with DNA, contained 2.5 x 
108 \ cl857 Sam7 phage particles per ml. These \ phage serve 
as a bouyant density reference for alignment with \ phage in the 
lower panel. The peak 434 fraction contained 147 plaque-formers 
per ml, and a total of 0.6 ml of each fraction were plated. The 
peak A fraction contained 1.1 < 10® phage per ml and 30 ul 
of a 10~* dilution were plated. The \ plaque counts were divided 
by 10 to put them on the same scale with the 434 plaques. (Middle 
panel) The assembly mixture contained 300 ul of an extract 
of induced Su~ (A Aam11 c/ts857 Sam7) and 300 ul of an extract 
of induced Su~ (A Bam427 c/ts857 Sam7). Phage \ imm434 
clts56 Sam7 was added to the mixture in CsCl at a final con- 
centration of 10* phage per ml, to serve as a density reference for 
alignment with 434 phage in the lower panel. The peak fraction 
of plaque-formers with \ specificity contained 2.2 x 10° PFU 
per ml, and three platings of 0.1 ml were made. The peak frac- 
tion of 434 phage contained 950 phage per ml, and two platings 
of 0.1 ml were made. (Bottom panel) A reconstruction was pre- 
pared by mixing \ clts857 Sam7 phage and » imm 434clts56 
Sam7 phage, with an extract of nonlysogenic Su~ bacteria, pre- 
pared in the standard way. The peak fraction of \ phage con- 
tained 2.2 X 10* phage per ml and the peak fraction of 434 phage, 

1.6 X 10° phage per ml; 0.1 ml of each fraction was plated. 
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Fig. 1 shows that the A plaque-formers generated by the 
mixed extracts have the same average bouyant density, mea- 
sured relative to added imm434 phage particles, as complete 
phage particles. Though the A~ and C~ extracts contain 
some \ plaque-formers before mixing, these are less than 10% 
of the total. In the experiment shown in the middle panel of 
Fig. 1, more than 50% of the \ plaque-formers added to the 
CsCl solution were recovered, and all of them were in the 
single \ peak shown. Therefore, at least 80% of the plaque- 
formers in that peak were generated by complementation. 

Although both members of each pair of complementing 
extracts contain phage DNA, usually only one of them donates 
DNA to the phage particles formed by complementation. 
In the A~ plus B~ extract complementation, for example, all 
75 of the progeny phage tested had a B~ genotype, indicating 
that DNA was contributed by the B~ extract to the phage 
formed by complementation. In general, extracts of B-, C-, 
and D~ serve as DNA donors; extracts of A~ and E~ do not. 
A~ or E~ particles found in the complementation mixtures 
can be accounted for by the background plaque-forming 
activity of unmixed extracts. 

Exogenous DNA can also be encapsulated by mixed ex- 
tracts. As shown in Table 3, plaque-forming particles with 
434 immunity specificity are formed from added imm434 
DNA. The encapsulation of exogenous DNA is strongly 
correlated with the in vitro encapsulation of endogenous DNA: 
those pairs of extracts that complement for endogenous DNA 
encapsulate added imm434, with the possible exception of 
B~- plus E-. 

To test whether genetic recombination occurs between 
exogenous and endogenous DNA, we added Aimm21 DNA 
to a mixture of an extract of a \ Aam11 c/ts857 Sam7 lysogen 
with an extract of a \ Cam42 c/ts857 Sam7 lysogen. The as- 
sembly mixture was plated on Su3* bacteria at 42°, and 
the turbid plaque-formers were picked and purified on Su3* 
bacteria. Finally, they were tested for immunity specificity 
and for their ability to form plaques on Su~ bacteria. All 
100 independent plaques tested proved to be Aimm21 Aam* 
Cam+ Sam*. These genes span 95% of the A genome, sug- 
gesting that the added imm21 DNA molecules were encap- 


sulated intact. 
DISCUSSION 


The experiments reported here can be explained by the in 
vitro assembly of phage heads. To what extent can they be 
explained in other ways? For example, might the plaque- 
forming particles be DNA molecules adventitiously coated 
with protein from the concentrated extract? Probably not. 
The properties of these particles—their DNase resistance, 
bouyant density, sensitivity to neutralizing antibodies, and 
capacity to adsorb to certain bacteria—are those of phage 
particles. Assuming, then, that the reaction products are 
phage particles, might they be arising in the extract from 
surviving bacteria or spheroplasts infected with the added 
DNA or with DNA from a complementing extract? Probably 
not, for two reasons. First, bacteria and spheroplasts should 
have been removed by the centrifugation at 40,000 X g that 
precedes the use of the extracts. Second, the pattern of com- 
plementation differs from that observed in cells. Whereas 
in cells any pair of mutants in different genes complement 
each other (3), in extracts A~ fails to complement ie 
Whereas mixedly infected cells yield a mixture of both in- 
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fecting genotypes, in extracts complementation of A~ or 
E~ with B~, C~, or D~ yields only B-, C-, or D> offspring. 
(A few A~ or E~ particles are formed, but these are accounted 
for by the background activity of the A~ or E~ extracts.) 

If it be granted that phage heads are being assembled in 
vitro, then the pattern of complementation suggests a path- 
way for head assembly. As a rule, the more steps required 
to complete an assembly process in vitro, the less efficient 
is that process. For example, gene F controls the last step 
in \ head assembly and gene W controls the next to last (7). 
Under the same in vitro conditions, the conversion of W 
heads to complete phage particles is two to three orders of 
magnitude less efficient than conversion of F~ heads to com- 
plete phage (7). For this reason the failure of A~ or E- ex- 
tracts to donate DNA to the phage particules formed by 
complementation suggests that the reactions governed by 
the products of A and E occur before those governed by 
B,C, and D. 

There is evidence that the A and E proteins interact directly 
with 4 DNA. Brody (submitted to Virology) has recently 
described a soluble form of E protein that binds DNA. E 
protein eventually makes up 75% of the mass of protein 
in the complete head (29, 30). Gene A appears to specify an 
enzyme that cleaves polymeric head precursor DNA into 
cohesive-ended monomers. Extracts of induced lysogens 
for mutants in genes B, C, D, or E contain, but mutants in 
gene A lack, an activity that, in crude extracts, produces 
molecules with cohesive ends from a mixture of dimeric and 
monomeric, covalently-closed 4 DNA circles (31). The co- 
hesive ends have a unique specific sequence (11), and the A 
protein must recognize that sequence, presumably by bind- 
ing to it. However, if A protein cuts the cohesive ends, then 


TABLE 2. Antigenic and adsorption specificity of 
plaque-formers assembled in vitro 





Fraction not 
neutralized Adsorption rate X 10-” 
by . ate ae 
(bacteria per ml)~! min 


antiserum ceenicmabiee... wotat a 
against » to K12 to K12/T1 


0.12 0.60 


$80 PFU 0.03 
phage 0.01 0.16 1.0 
#80 phage 0.75 0.28 0.06 
¢80 PFU after 

propagation 0.77 0.36 0.04 





30 ul of ¢80 DNA, Aoeo = 5.2, were mixed with 100 ul of extract 
of Su~ (A clts857 Sam7) and processed as described in Methods. 
After treatment with DNase, the mixture contained 1.6 x 10° 
$80 PFU assayed on Su3* (A) and 3.7 X 108 } assayed on Su3* 
bacteria. To one aliquot of this mixture, antiserum from rabbit 
against \ was added at a final dilution of 1/200. After 20 min at 
25°, the mixture was assayed for the number of surviving \ and 
¢80. Control ¢80 phage was treated separately. ¢80 PFU were 
purified and propagated through single plaque growth on Su3* 
bacteria. To a second aliquot of the mixture, K12Su3* bacteria 
were added, and to a third, K12Su3*/T1 bacteria. After these 
mixtures were incubated for 15 min at 35°, the bacteria were 
sedimented to a pellet (at 5°), and the unadsorbed phage re- 
maining in the supernatant fluid were assayed. From the fraction 
of unadsorbed phage, the (pseudo-) first order rate of adsorption 
was calculated. 
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Complementation between extracts of induced 
lysogens for head mutants 


TABLE 3. 





Num- 
ber imm434 
tested plaques 


Extracts 


mixed Plaques Genotype (%) 


100 B- f 500 
fee Fle ‘ 1520 
D- 11,820 100 D- { 855 
E- 100 88 E~8 A-4S- 2! 4 
¢- 1,670 38 B- 6 C- 56 S- 6 152 
D- 5,550 56 D~- 13 B- 31 S- f 2100 


E- 1,770 50 B- 50 S~ } 2 
D- 12,950 


B- 816 
Cc 816 


Ys 
_ 
A- 
_ 
B- 
a 
B- 
fe 88 D- 12 C- 7 3200 
Cc" E- 4,030 96 C- 4 E- 2200 
D- E 8,150 100 D- 724 
A- 10 88 A-~ 12 S- 0 
B- - 468 100 B 24 
C- - 100 100 C- 24 
D- - 46 98 D- 2 S8- 51 0 
E- : 99 96 E-48 2! 0 


+++4+++4+4+4+4 | 





Lysogens carrying mutations in different head genes were 
grown, induced, and extracted. 50 yl of the extracts were mixed 
and then incubated for 80 min at 35°. DNase, then 100 yl T 
broth were added. Finally 100 ul of each mixture (about half 
the total volume) was plated on the Su3* bacterial strain, Ymel. 
The number of plaques observed is given in the second column. 
The particular mutant alleles used were Aam11, Bam427, Cam42, 
Dam15, and Eam4. Plaques were picked; the phage were purified 
on Su3* bacteria and tested for genotype by plating on a series 
of Su~ (Adg imm434) strains (22). S~ phage are able to form 
plaques on the dg lysogen that lacks the entire head region. To 
each of a similar set of mixtures of extracts, 0.11 ug of imm434 
DNA was added. After incubation and DNase treatment, the 
entire volume of each complementation mixture was plated on 
Su2* (A). The number of plaques observed are recorded in the 
last column. The mutant alleles used were Aam32, Bam10, 
Cam42, Dam15, and Eam4. For purposes of comparison, the same 
amount of imm434 DNA added to an extract of a lysogen for A 
cI857 Sam 7 would have given 10* plaques. 


there is a paradox because, as indicated in Table 3, A gene 
function is required to assemble phage particles from exog- 
enous DNA that already has cohesive ends. To resolve this 
paradox, we would like to suggest that A protein binds DNA 
at the cohesive end sequence as one of the initial steps in head 
assembly, but that it does not cleave the DNA until the en- 
tire head is formed. This notion might also help to explain 
why cohesive-ended monomers do not accumulate in bacteria 
infected with the head mutants A~, B-, C-, D~, or E~ (12, 
14-16), how a DNA end is correctly positioned in the head 
to pass through the tail, and how the sequence of the cohesive 
end can influence phage particle assembly (32). 
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ABSTRACT Squalene and sterol carrier protein of liver 
plays a general role as a vehicle for cholesterél and its 
water-insoluble precursors; the carrier protein is essential 
for enzymic cholesterol synthesis. Liver microsomal 
enzymes contain a small amount of endogenous carrier 
protein, which is readily removed by washing or purifica- 
tion of the enzyme. Enzymic conversion to products of a 
cholesterol precursor: carrier protein complex is markedly 
faster than that for initially unbound sterol. The protomer 
form of the carrier protein has a molecular weight of 
16,000; during sodium dodecyl] sulfate gel electrophoresis 
one band is observed. Phospholipid facilitates the aggrega- 
tion of the protomer to the oligomer form (>150,000 dal- 
tons; purified 720-fold) accompanied by the binding of 
cholesterol precursors to the oligomer. The carrier protein 
binds fatty acids as well as cholesterol precursors, sug- 
gesting that it may more generally be a lipid carrier protein 
with “squalene and sterol carrier protein” describing the 
functional aspects of the lipid carrier in cholesterol bio- 
synthesis. Studies with several steroids and related com- 
pounds revealed that the binding sites of lipid carrier 
protein must contain highly specific hydrophobic and 
polar regions. 





Earlier we reported that squalene and sterol carrier protein 
(SCP), a heat-stable protein found in the soluble fraction of 
liver homogenates, is essential for optimum conversion of 
water-insoluble precursors to cholesterol by microsomal 
enzymes (1-8). Aspects of these findings were confirmed by 
other laboratories, (e.g., refs. 9 and 10). In the two previous 
articles of this series (5, 6), we also presented evidence that: 
(t) SCP specifically binds squalene and sterol intermediates, 
(ti) a noncovalent squalene or sterol- SCP complex (oligomer, 
> 150,000 daltons) appears to form part of the active site of 
each microsomal enzyme in cholesterol biosynthesis, and (tit) 
an SCP-like molecule is a component of the high-density 
lipoprotein fraction of serum. More recently we demonstrated 
the occurrence of an SCP-like molecule in adrenal prepara- 
tions catalyzing the initial steps of cholesterol metabolism 
to steroid hormones (11). Accordingly, we proposed that SCP 
functions uniquely as a vehicle for water-insoluble precursors 
during cholesterol biosynthesis and that SCP or a structurally 
similar protein participates in the transport and metabolism 
of cholesterol (5, 11). 

In this communication we describe the absolute require- 
ment for SCP by microsomal enzymes, effects on conversion 


Addreviations: SCP, squalene and sterolcarrier protein; SDS, 
sodium dodecy] sulfate. 
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rates of the interaction of a sterol-SCP complex with micro- 
somal enzymes, properties of the protomer (16,000 daltons) 
of SCP, optimum conditions for purification of SCP by ag- 
gregation of its protomer in the presence of lipid, binding of 
biologically important lipids other than sterols to SCP, and 
structural features of the lipid-binding site(s) of SCP. Our 
evidence suggests SCP should more generally be named a 
lipid carrier protein with “squalene and sterol carrier protein”’ 
describing the functional aspects of lipid carrier protein in 
sterol biosynthesis, metabolism, and transport. 


METHODS AND MATERIALS 


Unpurified SCP (i.e., the soluble or upper half of the 105,- 
000 X g supernatant fractions, previously designated Frac- 
tion A), Fraction C (microsomes washed once), and Fraction 
D (Fraction C, purified by solubilization, salt fractionation, 
and gel filtration) were prepared from rat-liver homogenates 
as detailed elsewhere (4). Complexes of sterols and other lipids 
with the oligomer of SCP were made under the conditions 
of Fig. 1A of ref. 6 and Table 5 of this report. The protomer 
of SCP was isolated from unpurified SCP by heat treatment 
(100°, 5 min) in the presence of 5% (w/v) (NH,4)oSO, and 
gel filtration (4-8). SCP of highest purity was obtained by 
aggregation of protomer-SCP in the presence of sterol and 
phospholipid, followed by isolation of the oligomer (lipid- SCP 
complex) with a column of Sephadex G-75 (see conditions 
of Table 3). Formation of cholesta-5,7-dienol from cholest-7- 
enol by A’-sterol-A°-dehydrogenase (EC 1.3.3.x) was assayed 
by ultraviolet spectral analysis or the epiperoxide derivative 
procedure; the amount of cholesterol synthesized from choles- 
terol precursors was determined by passage of sterols through 
the dibromide derivative (4). For some experiments (e.g., 
Table 2) isotopically labeled sterols were separated on silicic 
acid—Super Cel columns with benzene as eluting agent (12). 
Organic and phospholipid phosphorus was measured by the 
method of Bartlett (13). Gel electrophoresis of SCP prepara- 
tions was done in 0.1% sodium dodecy! sulfate (SDS) on 10% 
acrylamide as described by Weber and Osborn (14). Sterol 
substrates were dissolved in propylene glycol, steroyl esters 
in dioxane, and fatty acids (sodium salts) in water. Lecithin 
was microdispersed in 30 mM Tris- HCl buffer (pH 8.5) by 
sonication (15). 

Labeled sterols ([2,4-*H]cholest-7-enol, [4-'*C]cholesta- 
5,7-dienol, and [4-''C]cholesteryl-acetate) were synthesized 
and characterized as described (1-4, 7). [4-'*C]Cholesterol 
was purchased from Schwarz-Mann Research Laboratories, 
NAD from Calbiochem, lecithin (egg yolk) from Cyclo Chemi- 
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Fic. 1. Migration during gel filtration (left) and SDS gel electrophoresis (right) of protomer-SCP relative to proteins of known molec- 
ular weight. Average electrophoretic mobilities and standard errors were protomer-SCP, 0.86 + 0.04 (10 determinations); trypsin in- 
hibitor, 0.76 + 0.04 (4 determinations); ribonuclease, 0.93 + 0.02 (4 determinations); core peptide of lysozyme [reduced cyanogen 
bromide cleavage product, residues 13-105 (16)], 0.97 + 0.01 (3 determinations). The molecular weight of protomer-SCP determined 


by both techniques was 16,000. 


TABLE 1. Removal of endogenous SCP from microsomal 
enzyme preparations 





A®-Dehydrog- 
enase 
activity, 
uM /mg 
protein 


Enzyme SCP + 
“Xp. preparation Washes* enzyme Enzyme 


Activation 
by SCP of 
microsomal 
A®-dehy- 
drogenase 

(-fold) 


lt Microsomes l .0 
Purified 


microsomes 


Microsomes 


Purified 
microsomes 





* Preparations were washed with 0.1 M phosphate (pH 7.4) by 
centrifugation at 105,000 x g for 60 min. 

+ Unpurified SCP (16.3 mg of protein, 21.7 mg/ml), when 
present, was incubated in 0.1 M phosphate (pH 7.4) with 62 46M 
cholest-7-enol, 120 nM AY-9944, 1 mM NAD, and 2.2 mg (8.9 
mg/ml) of microsomal protein washed once (Fraction C) or 0.9 
mg (3.6 mg/ml) of purified microsomal protein (Fraction D) 
(total incubation volume, 1.2 ml) for 30 min at 37° under oxygen 
(4). 

¢ Unpurified SCP, when present, was incubated with 2.3 mg 
(9.2 mg/ml) of microsomal protein washed once, or 2.2 mg (8.8 
mg/ml) of the protein washed twice, or 2.9 mg (11.6 mg/ml) of 
the protein washed three times, or 0.7 mg (2.8 mg/ml) of purified 
microsomal protein prepared from microsomes washed three 
times; other conditions were as given for Exp. 1. 


cal, and crystalline proteins of known molecular weight from 
Sigma Chemical Co. All other chemicals were reagent or 
anayltical grade. 


RESULTS AND DISCUSSION 


Absolute Requirement for SCP by Microsomal Enzymes. 
In previous reports we showed that conversion of water- 
insoluble precursors to cholesterol by microsomal enzymes 
is stimulated at least 4-fold by SCP, i.e., a small amount of 
enzymic activity is usually detected in the absence of SCP 
(1-8) (see also Table 2). It was important to establish whether 
or not the activity in the absence of SCP was due to incom- 
plete removal of residual SCP during preparation of the 
enzymes. The results of Table 1 (obtained with a preparation 
of A’-sterol A*-dehydrogenase) demonstrate that endogenous 
SCP was gradually removed by repeated washing or by purifi- 
cation of the microsomal enzyme (Exp. 1 and 2), resulting 
in increased activation by added SCP. Complete removal of 
residual SCP and infinite activation of A®-dehydrogenase by 
added SCP required repeated washings of the enzyme followed 
by purification (Exp. 2, Table 1). In some enzyme prepara- 
tions, residual SCP was not detectable (see dihydrolano- 
sterol, Table 2) or was totally removed by the purification 
procedure, and extra washings were not required (see Table 
4). These findings (Table 1) are typical of those obtained 
with other microsomal enzymes of cholesterol biosynthesis; 
they demonstrate the absolute requirement for SCP by these 
enzymes. Furthermore, similar experiments with purified 
SCP showed that effects described in Table 1 are specific 
for SCP and not caused by other components in unpurified 
SCP. 


Effects of Interaction of Sterol-SCP Complex with Microsomal 
Enzymes. We demonstrated previously that all water-insoluble 
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TABLE 2. Increased conversion rate to products of a cholesterol 
precursor: SCP complex over that of initially unbound cholesterol 
precursor and SCP 





Total sterol 
synthesized (uM) 
during 30-min 


Cholesterol precursor? incubation 





[24,25-*H] Dihydrolanosterol (C-30) 
Dihydro-SCP . 8? 
Dihydro + SCP .1e 
Dihydro; no SCP 0 
[3a-*H] Cholesta-7,24-dienol (C-27) 
A724.SCP 
Ais + SCP 
A™*4; no SCP 
[2,4-*H] Cholest-7-enol (C-27) 
A’-SCP 
4’ + SCP 
A’; no SCP .V 
[4-"4C] Cholesta-5,7-dienol (C-27) 
A®:7.SCP .4e 
A+? + SCP 0.5¢ 
A®*7; no SCP 0. 20 





* Cholesterol precursors were bound to SCP (oligomer form) 
as given with Table 3 and in ref 6. Incubations (total volume, 
1.9 ml) contained 8.4 mg of SCP protein (6.0 mg/ml, when 
present), 3.4 mg of microsomal protein (8.5 mg/ml) (Fraction C), 
and initially unbound or bound precursor: 1 uM [24,25-*H]- 
dihydrolanosterol; or 2.2 uM [3a-*H]cholesta-7,24-dienol; or 
1 uM [2,4-*H)}cholest-7-enol and 120 nM AY-9944; or 1.0 uM 
[4-"*C] cholesta-5,7-dienol. All incubations were done for 30 min. 
Other conditions were as described (4); see also Table 1 and 
Methods. 

* Hydroxylated C-29 and C-28 compounds and cholest-7-enol. 

* Hydroxylated C-29 and C-28 compounds. 

4 Cholesta-5,7,24-trieno!, cholest-7-enol, and cholesterol. 

¢ Cholesta-5,7,24-trienol and cholest-7 enol. 

’ Cholesta-5,7-dienol. 

¢ Cholesterol. 


precursors of cholesterol are capable of complexing with SCP 
(5-8). The data of Table 2 (obtained with four representa- 
tive cholesterol precursors) further show that conversion to 
products by microsomal enzymes of a sterol present in a 
sterol-SCP complex (oligomer form of SCP) is markedly 
faster than conversion of initially unbound sterol. Results 
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<4 


= 


Fig. 2. SDS gel electrophoretic patterns of unpurified SCP 
(top) and protomer-SCP (bottom). 


of similar studies with various other cholesterol precursors 
established that in all cases the conversion of a precursor -SCP 
complex to cholesterol or other sterols is increased 2-fold 
or more over that of initially unbound precursor. In this 
regard, the absolute dependency on SCP for detectable enzy- 
mic activity was just described (e.g., Table 1). The probable 
explanation for the increased conversion rate to products of a 
precursor-SCP complex is given by data obtained with a 
cholest-7-enol-SCP complex. The apparent A,, for the enzy- 
mic conversion of cholest-7-enol-SCP to cholesta-5,7-dienol - 
SCP was 10 uM ata ratio of SCP protein to enzyme protein 
of 10.2/1 (the optimum ratio for this reaction); at a sub- 
optimal protein ratio (5.1/1), the apparent K,, for substrate 
was 30 uM. At both ratios of SCP to enzyme protein, the 
maximum rate of the reaction was not markedly changed. 
These results indicate that the microsomal enzymes have a 
high affinity for a preformed sterol-SCP complex (the oligo- 
mer) that participates at the active site of each enzyme. 


Properties of the Protomer of SCP. Heat treatment at high 
ionic strength causes dissociation of the oligomer of SCP to a 
low molecular weight protein (protomer-SCP) and loss of 
associated sterol (5-8). As indicated in Fig. 1, the apparent 
molecular weight of protomer-SCP determined by gel filtra- 
tion and SDS gel electrophoresis is 16,000. Protomer-SCP 
migrates as a single band during SDS gel electrophoresis; a 
protein with the same mobility as protomer-SCP is present 
in unpurified SCP (Fig. 2). During preparation of protomer- 
SCP, we observe small amounts of aggregates (30,000—60,000 
daltons) of protomer-SCP (see Fig. 1B of ref. 6). These ag- 
gregates do not contain bound sterols and are most probably 
the SCP preparations obtained in the absence of heat treat- 
ment at high ionic strength by Scallen et al. (17). 

Spectral analysis of protomer-SCP revealed no measur- 
able absorbance in the visible region (350-500 nm); in the 


TABLE 3. Influence of phospholipid on formation of aggregated SCP and binding of cholest-7-enol 





tas Formation of 
Addition aggregated SCP* 


of 6 


phospholipid ug % of protomer-SCPt 





~ 1335 2.9 
+ 5250 11.7 


nmol % of initial t pmol 


Organic phosphorus 
bound to aggregated SCP 


Cholest-7-enol bound 
to aggregated SCP 


&% of initialt 


18 17.3 0.8 
81 7 2.3 





* Aggregated SCP (oligomer form) was obtained by incubation in 0.3 M Tris-HCl buffer, pH 7.4, of 45 mg of protomer-SCP (con- 
taining 15 wmol of organic phosphorus) with 104 nmol of [2,4-"H] cholest-7-enol and, when present, 46 wmol of lecithin (equivalent to 1.8 
umol of organic phosphorus) for 30 min at 37° under nitrogen, followed by separation of the protomer and oligomer on Sephadex G-75 (6) 


with the Tris- HCl buffer as eluant. 


t Expressed as the percentage of total initial protomer-SCP protein, cholest-7-enol, or organic phosphorus applied to the gel column 


that emerged with the oligomer of SCP and lipid. 
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TaBLe 4. Purification of aggregated SCP 





Total 
SCP Specific Puri- 
SCP protein Total  activity{ fication Yield 
preparation (mg) activityf (uM/mg) (-fold) (%) 





Unpurified 

SCP 2100 21 0.01 
Aggregated 

SCP* 8 13 





* The oligomer, sterol‘SCP complex, was formed from pro- 
tomer-SCP in the presence of lecithin and [2,4-*H] cholest-7-enol 
(see conditions of Table 3). 

+ SCP activation ability was measured by incubation (total 
volume, 1.04 ml) of 5.5 «6M [2,4-*H] cholest-7-enol, either initially 
unbound to 14 mg of unpurified SCP or bound to 200 yg of 
aggregated SCP protein, and 1.3 mg of purified microsomal A’- 
dehydrogenase protein (Fraction D). Other conditions were as 
given with Table 1. 

t Specific activity is expressed as uM [2,4-*H]cholesta-5,7- 
dienol synthesized in 30 min per mg of unpurified or aggregated 
SCP protein; no formation of [2,4-°H]cholesta-5,7-dienol was 
detected in the absence of SCP. 


ultraviolet region, protomer-SCP has a characteristic A 20 
Ao of 0.68. The relatively high absorbance of protomer- 
SCP at 260 nm may be due to nucleotide contamination, 
e.g., We reported previously that SCP binds pyridine nucleo- 
tide as well as sterols (6). Nucleotide contamination may 
also contribute to the amount of organic phosphorus (100- 
300 nmol/mg protein) present in protomer-SCP preparations 
(Table 3). A typical unpurified SCP preparation contains 
1.2 umol of organic phosphorus per mg of protein. The organic 
phosphorus present in protomer-SCP may also reflect some 
bound phospholipid. 


Influence of Phospholipid on Aggregation and Purification 
of SCP. The functional similarities of one of the human plasma 
lipoprotein peptides and human liver-SCP are now well char- 
acterized (6, 18). These findings led us to investigate possible 
additional similarities between plasma lipoproteins and SCP, 
in particular the interaction of SCP with phospholipids. 
During these studies we made the striking observation that 
phospholipid facilitated aggregation of protomer-SCP and 
sterol binding. The presence of lecithin resulted in a 4-fold 
increase in oligomer formation accompanied by a similar 
increase in bound sterol and organic phosphorus (Table 3). 
It is probable that some of the organic phosphorus present 
in the sterol-SCP complex formed in the presence of lecithin 
represents bound lecithin; at present this point has not been 
rigorously established. The influence of phospholipid on 
aggregation and sterol binding of protomer-SCP was used 
to obtain a 720-fold purification of the sterol-SCP complex 
in 62% yield, based on activation of microsomal A®-dehydro- 
genase (Table 4). The latter preparation of SCP may be of 
ultimate purity, i.e., the sterol-SCP complex elutes in the 
void volume of a Sephadex G-75 column and is thus widely 
separated from protomer-SCP (see Fig. 1C of ref. 6). 


Binding of Biologically Important Lipids Other Than Sterols 
to SCP. We reported previously that cholesterol, its water- 
insoluble precursors, §-sitosterol, and hydroxy-derivatives 
of cholestane (in particular, 38, 5a, 68-cholestanetriol) bind 
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to SCP; bile acids, steroid hormones, cholestane, and keto- 
derivatives of cholestane (not cholesterol precursors) are 
not bound or poorly bound to SCP (5-8). Additional studies 
(Table 5) were undertaken to define further structural re- 
quirements for lipid-binding to SCP. Esterification of cho- 
lesterol and another representative sterol (cholesta-5,7 ,22- 
trienol) results in markedly decreased sterol-binding to SCP 
(Table 5). Also, the chain length and saturation of the esteri- 
fied fatty acid appear to influence the observed amount of 
binding. In contrast, free fatty acids longer than six carbon 
atoms are bound to SCP regardless of the degree of their sat- 
uration. 


Structural Features of the Lipid Binding Site(s) of SCP. 
The binding studies just described and our earlier work dem- 
onstrate that SCP not only forms high molecular weight 
complexes with water-insoluble cholesterol precursors [Table 
2 and (6-8)], but also with fatty acids (Table 5) and prob- 
ably phospholipids (Table 3). These results suggest that a 
more appropriate name for SCP is lipid carrier protein with 
“squalene and sterol carrier protein”, describing the function 
of lipid carrier protein in cholesterol biosynthesis, metabolism, 
and transport. 

Regarding structural features of the lipid-binding site(s), 
it is apparent that SCP (lipid carrier protein) must contain: 
(i) a hydrophobic region to accommodate the sterol nucleus 
and its side chain or the long hydrocarbon chains of fatty 
acids and (ti) a hydrophilic region for the binding of hydroxy] 
groups and other polar sites (e.g., areas of unsaturation) in 
the lipid molecules. It is possible that SCP contains a thin 
cleft in its tertiary structure; the flat steroid molecule would 
reside within the hydrophobic interior of the cleft with the 


Binding of cholesterol, cholesteroyl esters, fatty acids, 
and related compounds to aggregated SCP 


TABLE 5. 





Binding* 


Compound (%) 


Cholesterol, cholesteroyl esters, and 
related compounds 
[4-'4C] Cholesterol 
[4-14C] Cholesteroyl-acetate 
[7 a-*H]Cholesteroyl-palmitate 
[4-"C] Cholesteroyl-stearate 7 
[1-'4C] Cholesteroyl-oleate 39 
[4-'4C] Cholesta-5,7,22-trienol 90 
4-*C] Cholesta-5,7,22-trienyl-acetate 62 


Fatty acids 
{1-'*C]Caproic acid (C-6) 78 
[1-'4C] Myristic acid (C-14) 100 
[1-'*C] Palmitic acid (C-16) 100 
[1-'*C]Stearic acid (C-18) 100 
{1-"C] Oleic acid (C-18; 1w9) 100 
[1-'*C] Linoleic acid (C-18; 2w6) 100 





* Binding assays were performed by heat treatment of un- 
purified SCP (100°, 1 min), removal of coagulated protein by 
centrifugation, incubation (37°, 15 min) of the supernatant 
fraction with the compound (25 yg), followed by (NH,)SO, 
precipitation (40-80% saturation), and finally by gel filtration 
(Sephadex G-25) (6, 7). Binding is expressed as the percentage of 
the total radioactivity applied to the gel column that emerged 
with the SCP complex (oligomer form). 
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hydroxyl group(s) at or near the surface of the protein. A 
cleft is present at the functional centers of myoglobin (19), 
lysozyme (20), and ribonuclease (21); a cleft may also be 
present in the recently discovered retinol-binding protein 
(22). Upon specific interaction of a cholesterol precursor -SCP 
complex with a microsomal enzyme a conformational change 
would occur, followed by the catalytic step and transfer of 
the sterol-SCP complex to the next microsomal enzyme. 
This hypothesis is in accord with our findings that a sterol 
present in a sterol-SCP complex is more readily available 
to the catalytic site of a microsomal enzyme (Table 2) and 
that inhibitors of specific steps in cholesterol biosynthesis 
block formation of the activated conformation of a sterol- 
SCP -enzyme complex (e.g., refs. 7 and 23). 
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ABSTRACT Clusters of acetylcholine receptors were 
formed in the absence of neurons during the development 
of cultured chick-embryo skeletal muscle cells. The 
average concentration of receptors in clusters was esti- 
mated to be 9000 per um’. At other regions of the cell, 
receptor concentration was 900 per um’. The possibility 
that receptor clusters may participate in synapse forma- 
tion is suggested. 





{!I ]a-Bungarotoxin and related toxins bind to acetylcholine 
receptors of skeletal muscle grown in vitro (1-3). Since the 
toxins interact with receptors with specificity and relatively 
high affinity, they have been used to assay both receptor con- 
centration and synapses (1-11). Dividing myoblasts have few, 
if any, acetylcholine receptors (12). The cells fuse, thereby 
forming nondividing, multinucleated myotubes with acetylcho- 
line receptors distributed over the entire muscle cell. Upon in- 
nervation, active acetylcholine receptors disappear from all 
parts of the muscle except that portion participating in the 
synapse (13, 14). Denervation results in the appearance of 
active acetylcholine receptors over the entire surface of the 
muscle, starting from the synapse and proceeding towards the 
cell extremities (15, 16); hence, restriction of receptor location 
is a reversible process. Similarly, Kuffler, Dennis, and Harris 
(17) have shown that frog parasympathetic ganglion neurons 
are highly sensitive to acetylcholine only at the synapse on 
the cell body, whereas after the incoming axons are cut, the 
entire surface of the neuron becomes sensitive to acetyl- 
choline. 

Acetylcholine receptors may be distributed nonuniformly 
on cells that have not formed synapses. For example, acety]- 
choline receptors are restricted to various sites on some 
mouse neuroblastoma cells (18). Cohen and Fischbach 
(19) have shown by electrophysiologic methods that muscle 
cells cultured in the absence of neurons have small areas that 
are 3- to 6-fold more sensitive to acetylcholine than adjacent 
areas. Similarly, we have reported that cultured muscle cells 
have discrete clusters of acetylcholine receptors that bind 
labeled a-bungarotoxin (3). 

In this report, the development and distribution of acety]- 
choline receptor clusters on muscle cells cultured in the ab- 
sence of neurons is described, and the formation of receptor 
clusters is proposed as a normal step in synapse formation. 


METHODS AND MATERIALS 


Chick-Embryo Muscle Cultures. Cells dissociated from the 
legs of chick embryos that were 10 days of age were grown in 
vitro by a modification (3) of the method of Konigsberg (20). 
50 X 10° Cells were added into each collagen-coated 50-mm 
petri dish (Falcon Plastics) containing 2.5 ml of growth me- 


dium [85% F-14 medium (3); 10% fetal-calf serum (Colorado 
Serum); 5% chick-embryo extract (Microbiological Ass.) }; 
33% of the medium was conditioned, as described by White 
and Hauschka (21). Cultures were incubated at 37° in a 
humidified atmosphere of 90% air-10% CO.; the medium 
was changed every 3-4 days. 

[!%7 Ja-Bungarotoxin Binding Assay. ['*1]Diiodo-a-bunga- 
rotoxin was prepared (2.7 X 10° Ci/mol) by use of a !”I/!*I 
ratio of 11.5/1 in the reaction mixture. The diiodotoxin was 
separated from the monoiodotoxin as described (3). On the 
assumption that the isotope ratio of the iodinated toxin was 
the same as that of the reaction mixture, about 2% of the 
diiodo-a-bungarotoxin molecules were labeled with two !*I 
atoms; 12% with one '“I and one !”I; and 86% with two 
177 atoms. 

Before incubation of cells with labeled a-bungarotoxin, 
the medium was removed from each petri dish and replaced 
with 1.5 ml of solution A [the Dulbecco-Vogt modification of 
Eagle’s medium (22) (GIBCO) containing 20 mM HEPES 
buffer (N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic 
acid), pH 7.4, in place of NaHCOs;, and 2 mg of crystalline 
bovine-serum albumin (Armour Pharm. Co.) per ml of me- 
dium]. Cultures were incubated at 37° for 20 min in air, then 
[!25] ]diiodo-a-bungarotoxin was added (3.3 mM final con- 
centration) and cultures were incubated for an additional 
60 min. The medium was removed and each culture was 
washed three times with 3-ml portions of solution A and 
three times with 3-ml portions of solution A without albumin. 
Cells with bound toxin were removed and radioactivity was 
determined (3). 


Autoradiography. Cells incubated and washed as described 
above were fixed for 1 hr in a solution containing 2.5% glutar- 
aldehyde and 0.1 M sodium phosphate buffer, pH 7.4 (2 ml 
per culture) at 24°; then each culture was washed six times 
with 2 ml of 0.1 M sodium phosphate buffer, pH 7.4 (10 min 
per wash) and dehydrated by adding in succession 3 ml of 
35, 50, 75, 95, and 100% ethanol (5 min per step). Dishes 
were dried in air, coated with Kodak NTB-2 emulsion diluted 
1:1 with H,O, and incubated at 4° for 4 days in a light-proof 
box containing a desiccant. Autoradiographs were developed 
for 4 min with Kodak D-19 developer at 26° and fixed with 
Kodak Fixer. 

RESULTS 
The rate of appearance of acetylcholine receptors on cultured 
chick-embryo muscle cells is shown in Fig. 1. Cells divided 
rapidly during the early stages of culture. Myoblast fusion 
was first observed on the third day of incubation, resulting 
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Fic. 1. Binding of [!*I]diiodo-a-bungarotoxin to chick- 
embryo skeletal muscle grown in vitro for different periods. Cells 
were incubated with 3.3 nM _ [!*I]diiodo-a-bungarotoxin, as 
described in Methods. Each point represents the average value 
found with duplicate 50-mm petri dishes (each dish, 20-cm? sur- 
face area). Sister cultures were subjected to autoradiography 
(shown in the following figures). 


in the formation of nondividing, multinucleated myotubes 
and, concomitantly, a marked increase in acetylcholine re- 
ceptors was observed. The maximum number of receptors 
per culture was achieved by the eighth day of incubation, 
and the number of receptors per culture remained constant 
thereafter. 

During the course of this experiment, replicate cultures 
were subjected to autoradiography. A phase-contrast view 
of cells cultured for 3 days is shown in Fig. 2, panel A, and 
the corresponding autoradiograph is shown in panel B. Multi- 
nucleated myotubes formed by cell fusion were labeled with 
a-bungarotoxin, whereas mononucleated cells, such as myo- 
blasts and fibroblasts, were not labeled (panels C and D). 
An occasional mononucleated cell bound a-bungarotoxin, 
but such cells usually were not heavily labeled (panels E 
and F’). In Fig. 3, panels A and B, are shown phase-contrast 
and bright-field views of muscle cells cultured for 5 days and 
subjected to autoradiography. Many myotubes were pres- 
ent, and all were labeled with a-bungarotoxin. Acetylcholine 
receptors were distributed rather uniformly over the entire 
surface of each myotube; however, some myotubes contained 
more receptors than others. No unlabeled myotubes were 
found in this or other experiments. 

After 7 days of incubation, discrete clusters of acetylcholine 
receptors were present on about 1% of the myotubes (Fig. 
4, panels A, B, and C). In Fig. 5 autoradiographs are shown 
of cells cultured for 9 days (panel A) and 11 days (panels B 
and C). Cells cultured for 9 days had more receptor clusters 
than younger cultures, and by the 11th day in culture, more 
than 80% of the myotubes had receptor clusters. Some myo- 
tubes had as many as 20 clusters. The size of receptor clusters 
varied considerably; the average cluster was 125 wm*. They 
were found predominantly along cell margins and were fre- 
quently ovoid in shape, the long axis of the cluster being 
parallel to the long axis of the cell, and boundaries were de- 
fined rather sharply. Regions of cells that were richest in 
receptors had larger and more frequent clusters; however, 
they were also found on myotubes that were labeled rela- 
tively lightly with a-bungarotoxin (see bottom of panel B). 
Occasionally, receptor clusters were found on structures 
that resembled partially retracted processes. The clusters 


Acetylcholine Receptor Development 


Fig. 2. Autoradiographs of chick-embryo muscle cells cul- 
tured for 3 days and then labeled with [!*I]diiodo-a-bungarotoxin 
(see Fig. 1). Panels A, C, and E are phase-contrast views to show 
cell detail; panels B, D, and F are the corresponding autoradio- 
graphs viewed with bright-field optics to show silver grains. The 
bar represents 50 um and the scale applies to all panels. 


Fic. 3. Autoradiographs of muscle cells cultured for 5 days 
and then labeled with ['*I]diiodo-a-bungarotoxin (see Fig. 1). 
Panel A is a phase-contrasi view and panel B the corresponding 
autoradiograph. The bar in each panel represents 100 um. 
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were not consistently associated with a cell organelle when 
viewed with phase-contrast optics. Similar results were ob- 
tained in preliminary electron microscopic studies. 

The clusters, as well as diffuse labeling of myotubes, were 
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also found when cells were incubated in F-14 growth medium 
or with [!*I]monoiodo- instead of [!*I ]diiodo-a-bungaro- 
toxin (3). Similar results were obtained when other methods 


of fixation were used, such as (a) 100% methanol; (6) 2.5% 


Fic. 4 (left). Autoradiographs of muscle cells cultured for 7 days and labeled with [!*I]diiodo-a-bungarotoxin (see Fig. 1). In panels 
A and B, photomicrographs obtained with bright-field optics are shown at low and high magnification, respectively. The bars in panels A 
and B represent 200 and 100 um, respectively. In panel C, a phase-contrast view of the field corresponding to panel B is shown; the bar 
represents 100 um. 

Fic. 5 (right). Autoradiographs of muscle cells labeled with [!*I]diiodo-a-bungarotoxin (see Fig. 1). Panel A is a bright-field view of 
cells cultured for 9 days. Panels B and C are bright-field views of cells cultured for 11 days. The bar in each panel represents 100 um. 
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Fic. 6. Formation of acetylcholine receptor clusters, a possible step in synapse formation. Dividing myoblasts fuse and form nondivid- 
ing multinucleated myotubes with acetylcholine receptors uniformly distributed over the surface of the cell (step 1). Synapse-like clusters 
of acetylcholine receptors then form in the absence of neurons (step 2). Acetylcholine receptors or molecules associated with them may in- 
teract with appropriate molecules on the innervating neuron, and thus may specify synapse formation. Synapse formation is accompanied 
by the disappearance of active acetylcholine receptors from the noninnervated portion of the muscle cell surface, thereby converting 
the muscle cell from a permissive to a nonpermissive state with respect to establishing functional synapses with other neurons 


glutaraldehyde—-0.1 M sodium cacodylate (pH 7.4)-2 mM 
CaCl; or (c) 10% formaldehyde in Dulbecco’s phosphate- 
buffered saline (pH 7.4) (23). Cells fixed for 45 min in a solu- 
tion containing 10% formaldehyde in Dulbecco’s phosphate- 
buffered saline before incubation with labeled a-bungaro- 
toxin bound 80% of the amount of toxin bound to unfixed 
cells, and no change was observed in diffuse or clustered 
receptor distribution. 

Cells were subjected to autoradiography, embedded in 
Epon 812, sectioned, and examined with an electron micro- 
scope. The results showed that the NTB-2 emulsion was 
distributed in a uniform thickness over the myotubes and 
remained in contact with the cell membrane. The distribu- 
tion of acetylcholine receptors on the cell surface in contact 
with the petri dish was examined as follows: after incubation 
cells were fixed with glutaraldehyde and embedded in Epon 
812 while still attached to the petri dish. Each dish was re- 
moved, and NTB-2 emulsion was applied to the surface of 
the Epon formerly attached to the dish. Autoradiographs 
revealed that uniformly distributed and clustered receptors 
were present on the bottom surface of the cells. 

In other experiments fewer cells were added to each petri 
dish to obtain well-isolated muscle colonies. All myotubes 
in the 101 colonies examined bound a-bungarotoxin, and 
every colony cultured 11 days or longer had receptor clusters. 

In other experiments autoradiographs were exposed for 
only 20 hr in order to determine the number of silver grains 
per cluster. From the specific activity of the labeled a-bunga- 
rotoxin, and on the assumation that one molecule of toxin 
binds to one acetylcholine receptor, the average receptor 
concentrations of the diffusely labeled and cluster regions of 
the cell were estimated to be 900 and 9000 receptors per um?, 
respectively. 

DISCUSSION 

The results show that clusters of acetylcholine receptors 
form during the development of chick-embryo skeletal muscle 
cells cultured in the absence of neurons. On the assumption 
that one molecule of a-bungarotoxin binds to one acetyl- 
choline receptor, the concentration of receptors in the clusters 
was about 9000 per um?, similar to that found at the neuro- 
muscular and the electroplax synapse (7, 8, 10, 24, 25). The 
average receptor concentration in other regions of the cell 
was 900 um?. 


It is unlikely that the receptor clusters are artifacts 
of fixation, since no apparent relation was found between 
the abundance of clusters and the method of fixation, and 
such clusters were not observed on chick-embryo sympathetic 
ganglion neurons grown in vitro that were assayed in the 
same way (L. Greene et al., manuscript in preparation). In 
addition, Cohen and Fischbach examined living muscle cells 
grown in vitro by electrophysiological techniques and found 
small areas of cells 3- to 6-fold more sensitive to acetylcholine 
than adjacent areas (19). 

The data suggest that some receptor clusters result from 
retraction of cell processes. It should be noted that because 
of the close apposition of the lower and upper cell membranes, 
the grain concentration at the cell margin may be twice that 
found towards the cell center. However, the concentration 
of silver grains in receptor clusters was considerably more 
than twice that of neighboring regions. No ultrastructural 
specialization of surface membranes or cell organelles were 
associated with these regions. 

Formation of receptor clusters may be due to interactions 
between acetylcholine receptors and other molecules. Acety]- 
choline receptors of electroplax apparently interact either 
with each other or with other molecules to form more com- 
plex structures (6, 26-28). 

A possible relation between receptor clusters and synapse 
formation is shown schematically in Fig. 6. Dividing myo- 
blasts have few, if any, active acetylcholine receptors, whereas 
nondividing, multinucleated myotubes have many receptors 
distributed over the entire cell surface. Regions of relatively 
high acetylcholine receptor concentration appear on muscle 
grown in vitro. Synapse formation in vivo is accompanied by 
a loss of active acetylcholine receptors from the noninnervated 
portion of a muscle cell, thereby converting the muscle cell 
from a permissive to a nonpermissive state with respect to 
establishing functional synapses with the neurons (16, 29, 
30). 

It seems likely that molecules attached to the tip of an 
exploring axon interact with complementary molecules at- 
tached to the surface of another cell and thereby select sites 
for synapse formation. Obviously a cell receiving information 
across a chemical synapse must have an appropriate species 
of receptor and other components of the neurotransmitter 
translation apparatus. Such molecules or molecules that 
interact with them may be part of a synaptic recognition 
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code. Stable interaction between two cells 
pends upon many molecular interactions. I: is possible that 
acetylcholine receptors or molecules associ ted with them 
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1ost surely de- 


function as determinants of synapse recog ition, and that 


receptor cluster formation may be a normal step in synapse 
formation. Further work is needed to det>rmine whether 
such clusters are required for synapse formati« 
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ABSTRACT A new model is proposed for the system 
that actively transports sodium and potassium ions across 
animal-cell membranes. The model is based on the physi- 
cal and chemical properties of transport-associated aden- 
osine triphosphatase (EC 3.6.1.3) and on the kinetics of 
ion movements mediated by the system. Transport is 
postulated to occur by internal transfer of cations across a 
protein tetramer embedded in the cell membrane. The 
protein tetramer can exist in either of two forms of iden- 
tical energy; transport occurs as a result of the sequential 
“flipping”? from one conformation to the other. The con- 
formation change results in the interchanging of the affin- 
ities of cation-binding sites associated with different sub- 
units of the tetramer, with a concomitant splitting of 
adenosine triphosphate. 





Models for the mechanism of action of the system that ac- 
tively transports sodium (Na*) and potassium (K*) ions 
across cell membranes have often involved diffusible carriers 
or proteins undergoing conformational changes (1). We re- 
cently put forward a model for glucose transport in human 
erythrocytes, involving conformational changes within a pro- 
tein tetramer embedded in the cell membrane (2-4). Simi- 
larities in the kinetics of cation and of glucose transport hinted 
that a similar type of model might explain transport in these 
two systems. We thus developed a tentative model for Na* 
and K* transport, based on accumulated experimental data 
concerning the behavior of the system as a cation transporter 
(5-11), as a (Na + K)-activated ATPase (12-20), and as a 
K-activated phosphatase (12, 21). Much of the data is in- 
direct, and our model cannot yet account for all the experi- 
mental data. Nevertheless, we propose it now because it is an 
essentially new model and it suggests, therefore, several inter- 
esting new experiments. 


Physical approach toward the new model 


That a tetramer is involved in glucose transport in human 
erythrocytes was inferred from purely kinetic data (2, 3). The 
components of the cation active transport system have been 
isolated. [We assume that in its fundamental features the 
active transport system for Na* and K* is the same in all 
animal tissues and is identical with (Na + K)-activated ATP- 
ase (20), ATP phosphohydrolase (EC 3.6.1.3). ] 

Kyte (13, 14) purified (Na + K)-activated ATPase, which 


* This paper is dedicated to the memory of our beloved mentor, 
colleague, and friend, Aharon Katchalsky, Foreign Associate, 
National Academy of Sciences, who lost his life in the tragedy 
at Lod Airport, 30 May 1972. 

t MRC Biophysics Unit, King’s College, London W.C.2. 


contains two polypeptide chains in equimolar quantities. 
Tentatively, the protein is of the form a,8,, where a and 8 
are different polypeptide chains and n is a small integer that 
we proceed to estimate. Only one of the chains can be cova- 
lently labeled with phosphate from ATP (14); we call this the 
a chain. Kyte (13, 14) reports the molecular weights of the 
a and 8 chains to be 84,000 and 57,000, respectively. Kyte’s 
results are consistent with those of Uesugi ef al. (15), who 
found the two most prominent chains to have apparent molec- 
ular weights of 94,000 and 53,000. Thus, the molecular weight 
of the functional ATPase is about 140,000 n. To determine n, 
we need the molecular weight of the functional enzyme. 
Kepner and Macey (12) obtained an average molecular weight 
for the functional (Na + K)-activated ATPase of about 
250,000. Nakao et al. (17) had obtained a value of 500,000, 
but Kepner and Macey (12) considered that Nakao et al. had 
overestimated the molecular weight. These results suggest 
that the value of n in a,§, is certainly greater than unity, 
with n = 2 being the most likely value. Thus, these physical 
studies are consistent with the tetrameric nature of the cation 
pump. 


Chemical approach toward the new model 


We shall draw an analogy between the results of chemical 
binding studies and the phenomenon of “half of the sites 
reactivity.’’ Consider alkaline phosphatase (EC 3.1.3.1) from 
Escherichia coli, an a2 dimer, both chains of which are dis- 
posed symmetrically in crystals (22). The binding sites on the 
two subunits appear identical in the unbound form of the 
dimer. Nevertheless, one molecule of phosphate binds with 
high affinity, while a second molecule binds with much reduced 
affinity, (23). Furthermore, while alkaline phosphatase can 
bind two molecules of phosphate or ATP per dimer, only one 
molecule of phosphate from ATP can be retained covalently 
under physiological conditions (23). Levitzki et al. (24) have 
pointed out that “a significant number of enzymes have now 
been shown to exhibit the paradox of half-of-the-sites reac- 
tivity, in which only one of two apparently identical subunits 
is expressed in a given reaction.” This finding is apparently 
due to negative cooperativity: binding of substrate at one 
subunit of an a dimer reduces the affinity at the second sub- 
unit. 

Consider now the study of Hegyvary and Post (18), who 
measured the binding of ATP te membranes. Let R be the 
ratio of the moles of ATP found bound ionically under non- 
phosphorylating conditions (i.e., in the absence of Mg) to the 
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moles of terminal phosphate incorporated covalently from 
ATP under standard phosphorylating conditions. With 
neither Na* nor K* present, R = 1 forionic binding at a high- 
affinity site, with the hint of an additional binding at a lower- 
affinity site. With K* added, R = 2 for ionic binding at what 
appeared to be a single population of low-affinity sites, with 
no binding at sites of high affinity. Thus, twice as many ionic 
binding sites are expressed under one condition as under 
another. Further, twice as many ATP molecules can bind 
ionically to this membrane preparation as can donate at any 
one time a terminal phosphate group to be stably linked to 
the enzyme at physiological pH. This result is reminiscent 
of the behavior of the “half-of-the-sites-reactive”’ enzymes. 














.@) 
S(mM) 


Fig. 1. A plot of the Nat-Na* exchange data from Fig. 5 
of ref. 9. Cells loaded with various concentrations of labeled 
Na?* were suspended in a high concentration of Na* with no K*. 
v is efflux (mmol/l erythrocyte per hr) of labeled Nat; S is 
intracellular concentration (mM) of Na*, assuming 70% cell 
water. Since Na* binding is cooperative, we plot data according 
to v = [S/(S + K)]? V, where K is the intrinsic dissociation 
constant of a single binding site and V is the maximum velocity. 
Concentration K,, (half-saturation constant) at which velocity 
is half-maximal is then K,, = 2.42 K. Intercept on abscissa is 
—K, intercept on ordinate is K/V'/*. (a) Ouabain absent. K, = 
12 mM and V = 3.2 mmol per erythrocyte per hr (transport on 
inner high-affinity site); K, = 130 and V = 7.5 (inner low-affinity 
site). (b) Ouabain at 0.1 mM. K,, = 5 and V = 1 (inner high- 
affinity site); K, = 110 and V = 4.1 (inner low-affinity site). 
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(Na + K)-activated ATPase can function also as a K- 
activated phosphatase (21), a smaller portion of the enzyme 
being necessary for activity than for ATPase activity (12). 
We suggest that the phosphatase activity resides in the a» 
dimer portion of an a282 cation pump tetramer. Although all 
a chains have the intrinsic ability to bind ATP, we postulate 
that only one chain of a pair can retain terminal phosphate 
from ATP in a covalent form under physiological conditions. 
A simple calculation from the data of Uesugi et al. (15) shows 
that the (Na + K)-activated ATPase preparation contains 
from 0.4 to 0.6 mol of covalently bound phosphate from ATP 
for every mol of a chain. Thus, the results of chemical binding 
studies present an interesting analogy to the properties of 
other enzymes showing “‘half-of-the-sites reactivity,” and are 
consistent with the view that the cation transport protein is 
an a2B2 tetramer. 


The transport approach 


Most models of active transport assume that during physio- 
logical operation of the pump there appear sequentially a 
high-affinity site for Na* on the inside face of the membrane 
and low-affinity site on the outside. However, recent trans- 
port studies performed under nonpumping conditions (i.e., 
in the absence of external K*) indicate that high- and low- 
affinity sites for Na* can coexist simultaneously at each face 
of the membrane. (A high-affinity site for Na* has a half- 
saturation constant, K,, of about 10 mM; a low-affinity site, 
a K,, of about 100 mM.) 

The properties of the Na*-binding sites that can appear 
at the inside face of the membrane can be inferred from Sachs’ 
experiment with human erythrocytes (Fig. 1). Although 
the dependence of Na* efflux on internal Na* concentration 
is greater than first-order, we take this cooperativity into 
account by plotting, not S/v against S, as for a conventional 
saturation curve, but S/v'? against S. The resulting plot 
(Fig. 1) is fitted best by two straight lines, indicative of the 
presence of two classes of binding sites, with different affinities 
for Na*. Each class of sites binds more than one Na?* ion in a 
cooperative fashion. (If S/v'* is plotted against S, the same 
two classes of binding sites are observed.) The analysis in 
Fig. 1 suggests that, both in the presence and absence of the 
transport inhibitor ouabain, efflux of labeled Na* involves 
both a high- and a low-affinity site for Na* at the inward 
face of the membrane. 

Similarly, the properties of the Na*-binding sites at the 
outward face of the membrane can be inferred from an experi- 
ment by Garrahan and Glynn (5). Fresh erythrocytes were 
suspended in K*-free solutions of various Na* concentrations. 
The results of the influx measurement (5) demonstrate the 
existence of both a high- and low-affinity site for Na* at the 
outer face of the membrane. That the low-affinity site is not 
merely a simple diffusive leak is shown by the fact that the 
flux occurring on it was reduced considerably by ouabain. In 
the efflux measurement (5), as the Na* concentration in the 
external solution was raised from zero, the Na* efflux at first 
dropped to a minimum at about 5 mM and then slowly rose 
in accordance with a half-saturation constant for a low-affinity 
site. 

Thus, the experiment of Sachs indicates the presence of both 
a high- and a low-affinity site for Na* on the inner face of the 
membrane, while the experiment of Garrahan and Glynn 
suggests a similar situation at the outer face. The evidence 
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indicates the presence of at least four cation binding units 
per enzyme, consistent with a tetrameric protein. 


The tetramer model 


An extension of our previous tetramer model (2, 3) to the Na* 
and K* transport system can be arrived at as follows: In both 
systems, tranport is postulated to occur by internal transfer 
of substrate across a protein tetramer embedded in the mem- 
brane. For glucose transport (Fig. 2a), each subunit of the 
tetramer retains its binding affinity for substrate throughout 
the transport process, while for active transport (Fig. 2b) we 
now suggest the affinities are switched during each conforma- 
tion change. The conformation change that alters the position 
of the binding sites is termed a transposition; a change in the 
nature or affinity of the binding sites is termed a transforma- 
tion. Thus, facilitated glucose transport involves only a suc- 
cession of transpositions (Fig. 2a), while active cation trans- 
port would involve a succession of concerted transposition 
and transformation events (Fig. 2b). 

The cation transport enzyme (Fig. 3) is postulated to be an 
a282 tetrameric protein, asymmetrically disposed in the mem- 
brane. The active centers of the a subunits (and perhaps, 
although not necessarily, the entire a subunits) reside in that 
half of the membrane that faces the cell interior; those of the 
8 subunits are in the outer half of the membrane. Each sub- 
unit has the potential to exist in either a high- or a low-affinity 
state for the binding of Na*; in the physiological operation of 
the pump (Fig. 3) each subunit assumes successively such 
high- and low-affinity states. High affinity for Na* (an H, or 
Hg site) implies low affinity for K*, while low affinity for Na* 
(an L, or Lg site) implies high affinity for K*. The two con- 
formations A and A’ are functionally and energetically equiv- 
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Fic. 2. Molecular events during transport according to the 
tetramer model. (a) A transposition. (6) Simultaneous trans- 
position and transformation. H, subunit in high-affinity binding 
state; L, low-affinity state. Transport occurs as follows: (7) 
Substrate molecules bind to sites directed outwards from the 
tetramer; (77) they enter the internal cavity after a conformational 
change; (777) within the internal cavity substrate molecules re- 
distribute themselves according to the binding affinities; and 
(iv) after a change back to the original conformation, the sub- 
strate molecules emerge into the bathing solutions. 


b 


Fic. 3. Model for active transport of Na* and K* ions as 
mediated by an af, tetrameric enzyme. H, subunit having a high 
affinity for Na and low affinity for K; L, the converse situation. 
Each binding site can, intrinsically, be either H or L. (For 
simplicity, release of inorganic phosphate from H is not shown.) 
Active transport results from the sequential flipping between 
the isoenergetic conformations A and A’. 


alent. Sequential flipping from one conformation to the othe: 
is sufficient to allow active transport to occur. 

The postulated sequence of events involved in normal trans- 
port is as follows. Consider first cation movements on the 
upper two subunits. (a) In conformation A, Na* binds at the 
H, subunit and K* at Lg. (6) The tetramer flips to state A’; 
this involves both a transposition and a transformation. (c) 
In conformation A’, ions brought into the internal cavity 
formed by the upper two subunits will now redistribute and 
Na* and K* will bind at the H, and L, subunits, respectively. 
(d) The tetramer flips back to state A, causing Na* to be 
expelled into the external medium, K* into the cell interior. 
(e) The process repeats from step (a). Cation movements on 
the lower two subunits proceed in an entirely equivalent man- 
ner, but 180° out of phase. 

The simultaneous changes in the phosphorylation status 
of the a subunits, which cause the above affinity changes, can 
be considered in an exactly parallel fashion. Consider first the 
upper a subunit. (a) In conformation A, ATP binds to H,. 
(b) With Na* (and Mg**, assumed always present), this sub- 
unit is phosphorylated, and simultaneously the tetramer flips 
to state A’, the upper a subunit transforming from H, to L,. 
The K* brought into the internal cavity binds to the upper 
a subunit. (d) With these K* ions as cofactors, this upper a 
subunit dephosphorylates, and simultaneously the tetramer 
flips back to state A. (e) The process repeats from step (a). 
Events on the lower a subunit proceed in an entirely equiva- 
lent manner, but 180° out of phase. It is important that phos- 
phorylation of one @ subunit and dephosphorylation of the 
other is a concerted process, accounting for the “‘half-of-the- 
sites reactivity” finding that under physiological conditions 
only one phosphate from ATP can be retained covalently by 
the tetramer at any one time. 

Thus, under pumping conditions (Fig. 3), cellular Na* ions 
serve as cofactors for phosphorylation of the a subunit by 
ATP, whereas K* ions in the internal cavity act as cofactors 
for the transfer of covalently-bound phosphate to water. We 
suggest that if, in the internal cavity Na* rather than K* 
binds to the L, subunit, then Na* will serve instead as a co- 
factor for the transfer of covalently-bound phosphate to ADP, 
if this is present. This presumably occurs during the reversal 
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of the pump (7), with the concomitant synthesis of ATP. 
Such a postulate would account for the finding (19) that low 
concentrations (8 mM) of Nat are sufficient for complete 
phosphorylation of (Na + K)-activated ATPase by ATP, 
whereas much higher concentrations (160 mM) are required 
for subsequent dephosphorylation by deoxy-ADP. On the 
tetramer model, dephosphorylation by ADP requires Nat 
in the internal cavity to bind to the L, site. This binding will 
occur only if sufficient Na* ions are present within the cavity 
to bind to both Hg and L, sites. But to have this number of 
Na* ions inside the cavity, both the high- and low-affinity 
sites must have carried Na* into the cavity. Thus, dephos- 
phorylation by ADP requires use of the low-affinity subunits. 

During transport under nonpumping conditions, trans- 
formations of the binding sites may not occur, even though 
transpositions of the tetramer continue (Fig. 2). These trans- 
positions would cause the appearance of binding states that 
are not seen during active transport; thus the L, and H, sites, 
which under pumping conditions are occluded within the 
internal cavity (Fig. 3), may be revealed (e.g., Fig. 1). 

Several important effects of ouabain are understandable if 
we postulate that ouabain binds to a 8 subunit in its Lg bind- 
ing state, preventing the movement of cations on this subunit. 
Thus, ouabain inhibits cation pumping only if applied extra- 
cellularly; influx of labeled Na* on low-affinity sites (i.e., on 
Lg) is inhibited by ouabain (5), as is stimulation of Na* efflux 
by high concentrations of external Na* (5); of the cation 
fluxes inhibited by ouabain, the influx of K* (on Lg) is per- 
haps that most severely affected (6, 8); K-activated phos- 
phatase activity of the system (K entering the internal cavity 
by Lg) is abolished by oubain. 

Immediately testable predictions of our model are: (a) 
transport experiments in K*-free and in Na*-free systems 
will display kinetic anomalies like those found for glucose 
transport in human erythrocytes (4); (6) many additional 
parallels will be found between properties of the cation pump 
enzyme and other “‘half-of-the-sites reactive’ enzymes (24); 
(c) a method might be developed capable of detecting the 
occlusion of cations (19) within the internal cavity of the 
tetramer; (d) the 8 subunit will combine with cardiac glyco- 
sides and derivatives that are site-directed irreversible inhibi- 
tors (16); (e) if some residual ATPase or phosphatase activity 
can be found in a dimers free of 8 chains, it will be insensitive 
to ouabain. 

From the model (Fig. 3), the two conformations of the 
protein involved in the energy-transducing process are ex- 
actly isoenergetic, which may be important for at least two 
reasons. For rapid rates of energy transduction, the conforma- 
tions of the protein must not differ much in free energy lest 
the protein be trapped in the more stable conformation and 
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the number of transitions decrease. For efficient energy trans- 
duction, none of the hydrolysis energy of the high-energy 
phosphate bond need be stored in the conformation of a stable 
intermediate, presumably a wasteful process. Indeed, with 
isoenergetic conformations, the hydrolysis free energy can be 
directly converted to cation pumping, with minimal losses. 
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ABSTRACT The crystal and molecular structure of 
N,N’-dimethyl-3,6-epitetrathio-2,5-piperazinedione (C,;H,- 
O.N.S,) has been determined from three-dimensional 
x-ray diffraction data collected by counter techniques. 
The substance crystallizes in the orthorhombic space 
group Fdd2, with a = 15.352(5), b = 20.432(7), and c = 
6.635(2) A; V = 2081.2(8) A°, D(meas) = 1.72(2) g/cm’, and 
z = 8 molecules per unit cell. The molecule lies on a 
crystallographic 2-fold axis, the piperazinedione ring is in 
the boat conformation, and the deviation from planarity 
is 18°. The bonds of the tetrasulfide chain alternate in 
length so that the S-S distances are 2.0244(9), 2.076(1), and 
2.0244(9) A. The structural data were refined by least- 
squares methods to an R(F) of 2.5% by use of the 1089 
independent reflections (2@ < 71°; MoKa) for which 
F,? > 30 (Fy*). Since this molecule is chemically identical 
with the active center of the recently isolated natural 
product sporidesmin G, our structural study constitutes a 
description of the epitetrathio-2,5-piperazinedione frag- 
ment of that molecule. 





The therapeutic value (1) and biological interest in cyclic 
dipeptides have made these substances the object of many 
studies (2-11) aimed at determining the relationship between 
their conformation and other physical properties. Disulfide 
linkages are ubiquitous in nature, and the combination of a 
2,5-piperazinedione and a disulfide bridge across the 3,6- 
positions (3,6-epidithio-2,5-piperazinediones) constitute the 
active fragment of such biologically interesting substances 
as gliotoxin, (12, 13a), virus-inhibiting antibiotics of the 
aranotin type (14), sporidesmins (136, 15), and cancerostatic 
antibiotics of the chaetocin type (16). 

Until recently, all biologically active materials of this type 
isolated from natural sources were thought to contain epi- 
dithio bridges only. However, Taylor and associates demon- 
strated in 1967 (17) that an epitrithio derivative could be iso- 
lated from Pythomyces chartarum. In 1970, Taylor et al. (18) 
showed that epitrithio and epitetrathio derivatives (made 
synthetically from the natural epidithio compound and 
H2S:2) had biological activity comparable with that of the 
naturally occurring epidithio derivative. Finally, in 1972, 
Taylor et al. (19) isolated sporidesmin G, which is a naturally 
occurring 3,6-epitetrathio-2,5-piperazinedione. This  sub- 
stance and bis-(3-oxoundecyl)tetrasulfide, isolated from the 
Hawaiian algae Dictyopteris by Moore (20), constitute the 
only two known natural products containing a tetrasulfide 
chain. Efforts to understand the chemistry associated with 
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the syntheses of these substances, and their stereochemistry, 
have been underway for some time (12-22). In this report, 
we describe the stereochemistry of the title compound, which 
was prepared by Poisel and Schmidt (21). Extensive compari- 
sons are made with the bonding details of other substances 
containing tetrasulfide chains (23-25) and with other studies 
of the stereochemistry of cyclic dipeptides (4, 9-11). 


EXPERIMENTAL 


Crystal Data. CsHsO2N2Sy, M = 268.40, orthorhombic, a = 
15.352(5), b = 20.432(7), ¢ = 6.635(2) A, Da = 1.72(2) (by 
flotation ), Z = 8, D. = 1.71. Space group Fdd2 (26a); MoK& 
radiation, \ = 0.71069 A; u (MoK@) = 8.710 cm [estimated 


from mass absorption coefficients (26d) . 


Crystallographic Measurements. Precession photographs 
taken with MoK@ radiation showed the crystals to be 
orthorhombic; the space group (Fdd2) was deduced from these 
photographs. The cell constants and their standard deviations 
were determined by a least-squares refinement of 30 reflec- 
tions that were automatically centered on a Picker diffractom- 
eter equipped with a graphite monochromator; a take-off 
angle of 2.0° was used. The crystal selected for data collection 
contained 18 faces; 8 of the form ' 111 1.6 of the form ; 100}, 
and 4 of the form {110}. The crystal was 0.471 x 0.251 xX 
0.385 mm along the [100], [010], and [001] directions, respec- 
tively. Data were collected with a Picker diffractometer con- 
trolled by the Brookhaven Multiple Spectrometer Control 
System. The scintillation counter system included a pulse- 
height analyzer and pulse-shape discriminator, and was set to 
accept about 90% of the diffracted intensity. The take-off 
angle was set to 2.5°, which gave 80% of the maximum in- 
tensity observed in a plot of intensity against take-off angle. 
Data were collected by the 6-26 scan technique, and a reflec- 
tion was scanned in steps of A(26) = 0.02°, with a counting 
time of 2 sec for each step. The total scan range of 1.6 (1.0 + 
1.0 tané) was centered about the Bragg angle, which corre- 
sponds to the unweighted average wavelength of 0.7114 A for 
MoKa and MoKay» radiation. The intensities of 2856 re- 
flections with 26 < 71°, comprising two asymmetric forms 
(hkl and hkl), were measured. Two standard reflections were 
monitored every 30 reflections, but no significant variation of 
intensity was found during the entire period of data collection. 

The values of I and o(1) were corrected for Lorentz-polariza- 
tion effects, but not for absorption. An absorption correction 
was not applied due to the complex shape of the crystal and 
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TABLE l. 





Fractional coordinates 


Root-mean-square 
amplitudes of vibra- 
tion along the three 
principal axes of the 
thermal ellipsoid (A) 


Thermal parameters*'t 








x y 


B33 Bie Bis Bos Axis 1 Axis 2 Axis 3 





Sl 0. 06737( 4) 
S2 0.09220(3) 
O 0.06120(9) 
N .08914(8) 
Cl .18208(11) 
C2 .03567(9) 
C3 .06072(9) 
H1 .188(4) 
H2 .205(3) 
H3 .207(3) 
H4 .093(2) 


0.0 
0.17894(12) 
0.48401(29) 
0.47662(22) 
0.50838(38) 
0.46496(22) 
0.43440(26) 
0.569(12) 
0.554(11) 
0.381(9) 
0.541(5) 


532(3) 
407(2) 
371(5) 
213(4) 
238(5) 
250(4) 
235(4) 
6.0(1.2) 
6.4(1.2) 
4.4(1.0) 
2.0(0.5) 


0.00432(3) 
0.08238(2) 
—0.12154(6) 
—0.01298(6) 
—0.02382(10) 
—0.06497(6) 
0.05239/6) 
—0.058(3) 
0.010(3) 
—0.035(2) 
0.078(1) 


317(2) 
185(1) 
127(2 
136(2) 
199(4) 
125(2) 
120(2) 


) 


2326(44) 


.217 


.214 


. 299 
. 243 


283(4) 
73 (4) 
208(12) 
—45(7) 
—80(13) 
85(8) 
—58(9) 


— 143(3) 0. 
110(2) } 
93(8) 0.15: .199 257 

— 13(6) 0.14! .174 . 185 

—61(11) O.L . 206 . 235 
19(6) 161 . 188 
— 42(7) . 165 . 185 


1498(9) 
1865(9) 
2585(36) 
1430(24) 


— 118(2) 
—88(1) 
57(3) 
31(2) 
49(3) 
27(2) 
1(2) 


1259(26) 
1429(24) 





* The 
+ The values of S2 in this category have been multiplied by 10°. 


the low value of the absorption coefficient. Equivalent forms 
were averaged and this procedure gave 1089 reflections 
for which Fy? > 3¢ (Fo?), with o (Fo?) = 1/Lp [(I+B) + 
(0.041)?}'/?, where Lp is the Lorentz-polarization factor, I is the 
total integrated peak, and B is the time-scaled background 
(27). 

SOLUTION AND REFINEMENT 


The function minimized in the least-squares refinement was 
Dwi Fo| — |Fc)?, where the weight w is 4Fo?/o?(F)*). For all 
calculations of Fe, the atomic scattering factors were taken 
from the tables of Cromer (28). The effect of anomalous dis- 
persion for the sulfur atoms was included in the calculation of 
Fe (28). 

Since the molecule lies on a crystallographic 2-fold axis of 
symmetry, there are only eleven independent atoms for the 
structural analysis. The sulfur atoms were located by means 
of a Patterson function. This process was followed by a differ- 
ence Fourier synthesis, which yielded approximate coordinates 
of the three carbons, nitrogen, and oxygen atoms. This syn- 
thesis was followed by several cycles of refinement in which 
the positional and isotropic thermal parameters of these seven 
atoms were varied; by this procedure, the hydrogen atoms 
were located. The position of the hydrogen atom attached to 


Fic. 1. The configuration of the molecules and the labeling 
system used during the crystallographic study. 


anisotropic thermal parameters are of the form exp [— (Suh? + B2k? + Bssl? + 28i2hk + 26ishl + : 


2623k1)]. 


C3 was calculated and the methyl hydrogen atoms were 
located from a difference Fourier synthesis, calculated per- 
pendicular to the (methyl carbon)—(nitrogen) vector. These 
were then idealized to have a C—H distance of 0.98 A. 

In the final stages of refinement the positional and aniso- 
tropic thermal parameters of the sulfur, carbon, nitrogen, and 
oxygen atoms were varied and the positional and isotropic 
thermal parameters of the hydrogen atoms were also varied. 
Such a refinement converged at values of Ri = 2.5 and R2 = 
3.5, where R; = >>|(\Fo| — |Fe})|/0/Fo| and R: = { }>w(/Fo 
— Fe})? SF,7}' *. For the 79 variables and 1089 observations, 
the error in an observation of unit weight was 1.40 electrons. 

The positional and thermal parameters derived from the 
last cycle of refinement are presented in Table 1, along with 
associated standard deviations in these parameters as esti- 
mated from the inverse of the normal equations matrix. The 
root-mean-square amplitudes of vibration along the three 
principal axes of the thermal ellipsoid (A) are also listed in 
Table 1. The following programs were used: PROCH 
(initial processing of data; DATAPH (Lorentz-polarization 


corrections); ECSORTH (sorting and averaging of data); 


TABLE 2. Molecular geometry 





Bond distances (A ) 
2.0244(9) C2-O 
2.076(1) N-Cl 
1. 866(2) C3-H4 
.. 
1, 
1: 


. 227(2) 

459(1) 
.01(3) 
.81(7) 
.83(6) 
.95(5) 


mi Cl1-H1 
15(2) C1-H2 
45(2) C1-H3 

Bond angles (deg) 
104.76(4) 
103 .02(5) 
113.9(1) 
108. 6(1) 
115.4(1) 


118.0(1) 
122.9(1) 
119.0(1) 
119.0(1) 
117.9(1) 
112.6(1) 








Proc. Nat. Acad. Sci. USA 70 (1973) 


The Structure of V,N’-Dimethyl-3,6-Epitetrathio 2,5-Piperazinedione 281 


Fic. 2. A stereoscopic view of the molecule. The thermal parameters of the hydrogen atoms were made of a uniform, isotropic, size 
for representational convenience, while those of the heavy atoms are shown as 50% probability envelopes. 


JIMDAP (local version of the Zalkin Fourier summation 
program); LINUS (Modification of the Busing, Martin, and 
Levy ORFLS least-squares program) (29); ORFFE (function 
and error) (30); PLANET (least-squares planes) (31); and 
ORTEP (molecular plotting) (32). 


DISCUSSION 


A view of the molecule looking nearly down the 2-fold crystal- 
lographic axis is shown in Fig. 1, where the numbering system 
used in the crystallographic study is also given. In Fig. 2, a 
stereo view of the molecule is depicted in an orientation 
chosen to emphasize the nonplanarity of the piperazinedione 
ring, and also the three-dimensional nature of the epitetra- 
sulfide chain. Fig. 3 shows the packing of the molecules in an 
orthorhombic unit cell. A selection of bond distances and 
angles is presented in Table 2. The equations of least-squares 
planes passing through interesting groups of atoms in the 
molecule are given in Table 3; in Table 4 are listed the tor- 
sional angles about the interatomic vectors of the molecule. 
There are no unusual intra- or intermolecular contacts in the 


TABLE 3. Planes 





Equations of planes and distances (A) of selected atoms from 
these planes 


(a) Plane containing C2, C2’, N, and N’ 
0.0x + 0.0y — 1.02 = —3.125 


C2 0.040 
N — 0.037 
C3 0.243 


(b) Plane containing N, C2, and C3 

—0.175x — 0.256y — 0.9512 = —3.177 
(c) Plane containing N, C1, C2, and C3 

0.173x — 0.110y — 0.9792 = —2.79:% 


N —0.037 C2 0.014 
Cl 0.029 C3 0.015 


Angles (deg) between normals to planes a—b 18.08 





structural analysis. The bond distances and bond angles 
associated with the 2,5-piperazinedione ring are quite normal 
and in the range found in other 2,5-piperazinedione deriva- 
tives, as may be seen by examination of those listed in Table 
3. Our results are in excellent agreement with those given by 
Sletten (4), and reinforce his conclusion that the results of 
Benedetti et al. (9-11) are incorrect. As may be seen from Fig 
2, the piperazinedione ring is nonplanar at positions C3 and 
C3’. The dihedral angle between planes defined by atoms C2,- 
N,N’,C2’ and by atoms C2’,C3,N is 18.08°. In 2,5-piperazine- 
dione (34) and in trans-3,6-dimethy]-2,5-piperazinedione (10), 
the rings are planar, while in cis-3,6-dimethy]-2,5-piperazine- 
dione, deviation from planarity is 8°. An interesting feature 
of our compound, and of others listed in Table 3, is the length 
of the C-S bond. The distances listed range from 1.87 to 1.91 
A, and are considerably longer than the C-S bonds found in 


TABLE 4. Torsional angles in degrees* 





Distances between (A) 


A-B B-C C-D A-D [Angle] 


076 2.024 866 3.676 68 .63 
024 866 433 3.200 42.81 
2.024 866 515 3.682 — 87.29 


oe, 
to 


nr 
w w 


024 2.076 2.024 398 —105.33 
866 .433 459 3.375 71.13 
866 433 345 3.663 —101.00 
866 227 3.207 — 69.68 


. 866 Bye 345 3.696 112.48 


hn 
Sm 


7 
tM \ Ww bh bo 


ar 
Ww w 


cD oD 
tN to 


227 459 2.731 1.54 
C3 227 433 3.569 173.58 


mame 


220 
w 
QOZ2Z904Zz 


N’ 227 51 3.589 161.07 


4 


~~ a 
Ww VY 
=~ 
202 02 

tN Ww to 


ow 


788 — 16.77 


nn Kr 
P 

to 
2 

i 
> 


N’ 345 
C3’ .459 34: 515 3.805 179.29 
C2’ 459 43: 515 3.814 —162.26 
C2’ 345 43: 515 2.872 25.61 


DAA A A 
242 C2 
cos 6 


ZAZA 


C3’ 433 34: 515 2.839 —8.67 


Z 
'? 
nw 





* The convention used is that of the [UPAC-IUB Commission 
(38). 
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Fig. 3. A stereo packing diagram of the molecules in the orthorhombic unit cell. 


aromatic systems, where these bonds range in length between 
1.78 and 1.82 A (23, 35). The longest C-S bonds we have found 
in the literature were reported by Lemmer et al. (36) for 1,2,3,- 
6,7 ,8-hexathiecane [1.859(4) A] and by Lee and Bryant (37) in 
dicinnamy] sulfide [1.88(3) A], both of which contain aliphatic 
carbon-sulfur bonds similar to ours. Thus, the statement made 
previously (13-17) that the change in dihedral angle at the 
disulfide sulfur of epidithiopiperazinediones from the normal 
value of 90° was responsible for the lengthening of this bond is 
probably exaggerated. In our system, the dihedral angle at 
the sulfur is 68.63° (see Table 3) and the length of the C-S 
bond is 1.866(2) A. In LL-S88« (33), these values are about 
17° and 1.882 A; in gliotoxin (13a), there are two independent 
molecules and, therefore, two values of the C-S-S-C dihedral 
angle, namely 8.8 and 15.8°, while the C-S bonds average 
1.88(3) and 1.89(3) A, respectively. Similar comparisons can 
be made with the other values listed in Table 5. The outcome 
of such comparisons is that the difference between extremely 
low values of the dihedral angle (8°) reported for gliotoxin 
(13a) and the 68.63° observed in our system lead to relatively 
minor changes in the C-S bonds. This observation is reinforced 
by the results Feher et al. (24) reported for 1,2,3,4-tetrathia- 
decalin, which is a fully aliphatic system containing a tetra- 
sulfide chain very similar to ours. In this system, the dihedral 
angles at the four sulfurs average 67.8°, while the average C-S 
distance is only 1.802(20) A. Comparison between our results 
and those of Feher et al. (38) indicate that the relationship 
between dihedral angles and the C-S bond length is not as 


simple as has been thought. Furthermore, since the values of 
our dihedral angle and that in tetrathiadecalin (24) are essen- 
tially identical while the C-S bond lengths differ by about 0.07 
A it is clear that the dihedral angle alone cannot account for the 
length of the C-S bonds in the epipolythiopiperazinediones. 
The S-S bond lengths alternate in the manner short—long- 
short, the distances being 2.0244(9) and 2.076(1) A. A similar 
bond length alternation was observed in C29H2,0.8s, where the 
average value of four short S-S distances was 2.028(2) A 
and the average value of the two long bond lengths was 
2.066(2) A (23a). This phenomenon of bond length alternation 
was also observed in C\4Hi2N2S,4, where the three independent 
S-S bond lengths were 2.031 (3), 2.088(4), and 2.026(3) A (25). 
In (CsHs)2 WS, the alternation was in the reverse order (23)) 
(long-short-long), and the distances were 2.103(5), 2.017(6), 
and 2.099(6) A. Such alternation indicates delocalization of 
electron density across the tetrasulphide chain, a process that 
need not occur when this chain is connected to saturated 
groups, as in CsHiS, where no alternation is observed (24), 
and where the average S-S bond distance was 2.057 (7) A. 


CONCLUSIONS 


(¢) Our structural parameters for the diketopiperazine ring are 
in close agreement with those of Sletten (4), and indicate that 
the abnormal results reported by Benedetti et al. (9-11) are 
incorrect. (ii) The addition of an epitetrathio bridge across the 
3,6-positions of the diketopiperazine effects only dihedral 
angles in the cyclic dipeptide and not the bond lengths. (zz) 


TABLE 5. 





Compound 


C3-S N-C2-O C3-C2-O C3’-N-C2 C2-C3-N’ Refs. 





N-N’-Dimethy]-3,6- 
Epitetrathio-2,5- 
piperazinedione 

Gliotoxin (C,3HO.NS:) 1.35 .23 

Sporidesmin ; 3. . 20 

(CigH2O6N;38,Cl- CH2Br2) ~Oe +t 1.3 .27 

LL-S88a (C2H»N2058:2) 1 

2,5-Piperazinedione 1 

trans-3,6-Dimethyl-2,5- 1 
piperazinedione 

cis-3,6-Dimethyl-2,5- 
piperazinedione 


1.345(2) 1.227(2) 


. 239 


115.4(1) This 
work 
110.0 13a 


1.866(2) 122.9(1) 119.0(1) 122.6(1) 
1.88 125. 120. 117. 
1.90 122. 123. 115. 110.51 19, 
1.91 124. 125. 121. 114.05 
1.882 127. 122. 119 - 33 
122. 118.: 126. 115.1 34 


122. 117. 127. 112.8 10 


120. 126. 


127. u 
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Aside from changes in dihedral angles imposed on the tetra- 
sulfide chain by spanning across the cyclic dipeptide, its bond 
lengths and angles are normal. (wv) The structural parameters 
of our molecule should provide an accurate description of the 
active site of sporidesmin G; minor variations in bond lengths 
and angles will result from the constraints imposed by the 
peripheral rings in the molecule, but these will not change con- 


formational details very much. 
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284 Corrections: 


Correction. In the article “Computation of Large Mole- 
cules with the Hartree-Fock Model,” by Clementi, E., 
which appeared in the October 1972 issue of Proc. Nat. 
Acad. Sci. USA 69, 2942-2944, all the pronouns ‘‘we”’ and 
“our” were subjected to an editorial change whereby these 
pronouns were transformed into “I”? and ‘“‘my’’, respec- 
tively, when the original manuscript was submitted to the 


Proceedings. 





Correction. In the article “The Spectrum of Cobalt 
Bovine Procarboxypeptidase A, an Index of Catalytic 
Function,” by Behnke, W. D. & Vallee, B. L., which 
appeared in the September 1972 issue of Proc. Nat. Acad. 
Sci. USA 69, 2442-2445, the following correction should 
be made in column 3, Table 1, p. 2443: the number 13 


should read 3. 


Correction. In the article “Sequence of Spontaneous 
Epstein-Barr Activation and Selective DNA Synthesis in 
Activated Cells in the Presence of Hydroxyurea,”’ by 
Hampar, B., Derge, J. G., Martos, L. M., Tagamets, 
M. A. & Burroughs, M. A., which appeared in the Septem- 
ber 1972 issue of Proc. Nat. Acad. Sci. USA 69, 2589- 
2593, in the legend for Fig. 2 (p. 2590, 3rd line from 
bottom) and Fig. 4 (p. 2592, 2nd line from bottom), the 
symbol “% FAt/*H*” should read: % FA* cells that are 
37H*. In the legend for Fig. 2, the symbol, 2nd line from 
bottom “% *H+/FA*” should read: % *H?* cells that are 
FA*. 


Correction. In the article “Biosynthesis of Acetylcholine 
in Turtle Photoreceptors,’ by Lam, D. M. K., which 
appeared in the July 1972 issue of Proc. Nat. Acad. Sci. 


Proc. Nat. Acad. Sci. USA 70 (1973) 


69, 1987-1991, the following should be added to the ac- 
knowledgments. 

“T would like to thank Dr. David 8. Barkley, Depart- 
ment of Neuropathology, Harvard Medical School, for 
communicating prior to publication the technique used 
in this paper for preparing a cell suspension suitable for 
velocity sedimentation.” 





Correction. In the article ‘‘Modulation of Cell Behavior 
In Vitro by the Substratum in Fibroblastic and Leukemic 
Mouse Cell Lines,’”’ by Macieira-Coelho, A. & Avrameas, 
S., which appeared in the September 1972 issue of Proc. 
Nat. Acad. Sci. USA 69, 2469-2473, the following correc- 
tion should be made. On page 2469, right-hand column, 
under Measurement of DNA Synthesis, the first two 
sentences should read: *H-labeled thymidine ([8H]dT; 
15 Ci/mmol) was added to the cultures at a final con- 
centration of 0.5 wCi/ml. After 30 min the cultures were 
suspended in the PBS solution supplemented with trypsin 


Oe was” 


Correction. In the article ‘“Endogenous RNA-directed 
DNA Polymerase Activity in Uninfected Chicken Em- 
bryos,” by Kang, C.-Y. & Temin, H. M., which appeared in 
the June 1972 issue of Proc. Nat. Acad. Sci. USA 69, 
1550-1554, in the asterisked footnote to Table 1 (p. 1551), 
“.. contained 10 nM dATP, 10 nM dCTP, 10nM dGTP, 
7.5nM ATP... (about 0.2 nM) [7HJTTP” should read: 
. contained 10 nmol dATP, 10 nmol dCTP, 10 nmol 
dGTP,7.5nmol ATP... (about 0.2 nmol) [7H]TTP.” 
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